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Abstract
This thesis presents the results of a laboratory study of the effects of reflected waves on
the energy dissipation in breaking waves. These experiments were conducted in a 28-
meter-long, 76-cm-wide and 85-cm-high wave flume in the Ralph M. Parsons Laboratory
at MIT. At one end of flume, a piston-type wave maker generates periodic waves
normally incident on a gently sloping beach (1 on 30) with a reflective (vertical or
sloping) structure located 17.8 m away from the wave maker. A wave gauge and a
SonTek Acoustic Doppler Velocimeter are used to measure surface displacement and
velocities, respectively, from which the incident and reflected wave characteristics are
resolved. The no-structure experiments provide baseline data on incident wave energy
dissipation. The vertical-wall and sloping-wall experiments are used to compare with the
no-structure experiments and examine potential influence on wave energy dissipation
from the presence of highly reflecting seawalls.
Through comparison of these experimental results, we conclude that the reflected wave is
not affected by the seawall, i.e., the reflected waves do not appear to lose energy as they
travel seaward from the seawall whether they pass through a surf zone or not on their
way. The break point may not be in agreement depending on the definition of breaking
criterion, but the general behavior of the first harmonic incident wave height, non-
dimensionalized by the total water depth, is very similar. This non-dimensional incident
wave height reaches a maximum of about 0.53 at the break point, decays rapidly
immediately after breaking, then remains nearly constant at about 0.34. The initial decay
distance right after breaking is tentatively adopted as 6 times the depth at breaking. This
two-part decay behavior is not in agreement with the model (Brown, 1996) in which the
incident wave height is assumed to vary linearly with the water depth immediately after
breaking. However, the incident wave's attenuation is the same in experiments with and
without a highly reflecting structure. The experiments showed remarkable agreement
between the measured and the predicted wave set-up/set-down and return current
(Svendsen and Jonsson, 1976). A transition region is also found between the break point
and the undertow.
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Chapter 1
Introduction
1.1 Background
Over the past years the coasts of the United States have been devastated by several severe
storms, e.g., Storm Keith in 1988, Hurricane Bob in 1991, Hurricane Bertha in 1996 and
Hurricane Mitch in 1998. All of these storms have caused millions of dollars of damage
to coastal properties and raised public awareness of the danger associated with storm
wave attack on beaches. It was reported recently (February 1999) that President Clinton
was seeking one billion dollars to fix the damage from hurricanes.
In many coastal areas people constructed coastal protection works, such as seawalls,
ripraps, and breakwaters. There has existed for a long time a controversy about seawalls.
On one hand, seawalls can protect valuable coastal properties and are expected to reduce
beach erosion. On the other hand, the reflected waves emanating from the seawalls might
dramatically alter the size and nature of the waves in the surf zone, e.g., the breaking
point and energy dissipation pattern, thus influencing near-shore sediment transport,
beach profile evolution and coastal erosion in the long run. These walls themselves,
usually expensive to build, are often subject to severe scour at their toes that can cause
17
failure. The static and dynamic pressure from waves, currents and changes in water level
must also be taken into account in the design of seawalls. Hence, it is of engineering
importance to understand seawall-effects on near-shore sediment transport and beach
erosion.
With the above motivation a laboratory experimental study of the effects of seawalls on
coastal erosion was carried out at the Ralph M. Parsons Laboratory in Massachusetts
Institute of Technology in 1993. The results of this study, completed in 1995 (Moody and
Madsen, 1995), showed a negligible effect of seawalls on erosion in front of them
including negligible scour at the toe of the seawall. These results were corroborated by
the field observations of Kraus and McDougal (1996). Furthermore, Kraus and
McDougal as well as McDougal et al. (1996) concluded that the long held belief that
reflection of waves by the seawall was the cause of increased erosion in front of the wall
appeared to be incorrect.
However, these conclusions were based on experiments in which waves were normally
incident to the beach. Because waves are generally obliquely incident to a beach and
generate a longshore current which is absent for the normal incidence, the above
conclusion of negligible seawall-effects on erosion due to normally incident waves is of
limited value. To conclusively evaluate seawall-effects, we must consider both
theoretically and experimentally the conditions corresponding to obliquely incident
waves. Two major factors contribute to sediment transport along beaches: one is the wave
that stirs up sediments and the other is the wave-induced longshore current advecting the
18
sediment in the shore-parallel direction. Therefore, the understanding of hydrodynamics
of waves and wave-induced longshore currents on seawall-protected beaches becomes the
prerequisite to quantify longshore sediment transport. While Longuet-Higgins (1970)
identified the basic equation governing wave-induced longshore currents along a gently
sloping beach without reflected waves, little work appears to have been done for wave-
induced longshore currents along a beach whose landward boundary consists of a
reflective seawall. To develop such a model is the ultimate objective of a project
currently going on at Ralph M. Parsons Laboratory. The theoretical considerations in the
development of a longshore current model in the presence of a reflecting seawall are
presented in section 1.2. The research reported here focuses on the effects of reflected
waves on the energy dissipation in breaking waves, and should be regarded as the first
step in the development of a longshore sediment transport model, which allows and
accounts for the presence of reflective structures along the coastline.
1.2 Theoretical analysis
Suppose the wave motion is described by linear long wave theory and waves propagate
over an infinite straight gently sloping beach with parallel bottom contours towards a
shore-parallel reflective structure (seawall) located along x = x, (See Figure 1-1), the
incident wave is expressed by its surface profile
Tb = a, cos(V i -ot) (1.1)
in which a, = a,(x) is the incident wave amplitude, w = 27c IT is the radian frequency,
T is the wave period, and W, is the phase function. o and h are related through the
dispersion relationship
19
o 2 = gk tanh kh (1.2)
where k = k(x) is the local wave number and h = h(x) is the local water depth. In
shallow water, where kh <<1 and tanh kh ~ kh, equation (1.2) reduces to
seao
= )k
all
/ I00
/o
X
Y
X
reflected waves
----- XDB
Figure 1-1 Definition for theoretical analysis
Therefore, horizontal velocity vector is expressed as
[ui, vl]= 11,g- [cosO1 ,,sin 0,]
(1.3)
(1.4)
and phase function is then
20
xWi f cosOidx±+ sin01iy
.gh gh
where g is gravity and 0, is the angle of incidence, measured from the x -axis and
governed by Snells Law, i.e.,
(1.5)
(1.6)k sin0. = (7sin 0 =const
The reflected wave has an angle of incidence
Or =n -O
which immediately gives us
(1.7)
coso,. = -cos0, ; sinO, = sin0,
The reflected wave characteristics can be written as
Ilr = a,. cos(,r -o)0
and reflected horizontal velocity vector is
[Ur,,Vr]= , .[-cosO, sin 6]
with the phase function
Jv= cosodx+ sin 01 y+i
x g-h- gh
(1.8)
(1.9)
(1.10)
(1.11)
in which the phase angle W , represents a potential phase shift associated with the wave
reflection from the seawall located at x = x,.
With the above expressions for the incident and reflected wave components, the shore-
parallel component of the radiation stress, defined by Longuet-Higgins (1970)
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S T dt p(u, +u,)(v,+v,)dz (1.12)
0 -h
with p denoting the fluid density, is given by
S = (S, ), + (S, ), (S, ), (1- R 2 ) (1.13
in which (S,)i and (S,),. are radiation stresses associated with the incident and
reflected waves, respectively, and R = R(x) = a,./ai is the local reflection coefficient.
The radiation stress, S,, as shown by Longuet-Higgins (1972), is related to the energy
flux in the shore-normal direction associated with the wave motion for the conditions
discussed here. The energy flux in the shore-normal direction, combined with (1.4) and
(1.10), is given by
T
E ft= Efc C 'JifpgEij +l)(Ui + rdz=fti +(fxr, (1.14
0
where, by use of (1.4) and (1.6),
0 h
1gh
= dtfpvin. dzT 0 h sin6,
=(SY), gh
sin0,
in which is treated as constant, by virtue of Snells Law (1.6).
Thus, the local net radiation stress is given by
S = (S, ), + (S)r, = (E - E.)cos0 sin 0
g~h
in which
22
(1.15)
(1.16)
)
)
1 2 V 1E = - pgai gh=1- Efr (1.17)
2 R
With these general expressions for the radiation stress, expressed in terms of wave energy
flux, we obtain from (1.16), for a wave field consisting of an incident and reflected wave,
the net driving force on a shore parallel slice of fluid
aS~ a sin O.
a - [ (E cos6) a(E f, cos0 ) ' (1.18)
ax ax ax gh
This driving force is balanced by a mean bottom shear stress, tby, due to the combined
action of waves and longshore currents, v,. Following Longuet-Higgins (1970) this
bottom shear may be written as
2
Tby = - PCUbm Vc (1.19)
7E
where C is a friction factor and ubm is the maximum near-bottom wave orbital velocity
in the shore-normal direction. Equation (1.19) is obtained under the assumptions that the
wave orbital velocity is exclusively in the shore-normal direction, i.e., 0, =71 and
dominates the current, i.e., v, /Ubm <<1. From (1.4) and (1.10) we obtain
Ubm jU, +Url - [a + a, - 2aia, cos(2 f dx+V)] cos6,J (1.20)
which shows the variation of velocity characteristic of a partially standing wave for
which the surface amplitude is given by (1.1) and (1.9) as
x
a i = f 1rj = (a72 + a2+ 2aiar cos(2J dX +4,1/l2 (1.21)
x. gh
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i.e., the orbital velocity is a maximum under a node where the surface amplitude is
minimum and vice versa under antinodes.
X
-5
-Eby-
XY y
/
Figure 1-2 Along-shore force balance in the surf zone
Considering, for simplicity, only the driving force associated with the radiation stress and
the resistance offered by the bottom shear stress, i.e., neglecting turbulent lateral shear
forces, the basic momentum balance in the longshore direction, shown in Figure 1-2,
becomes
(1.22)as +Tb = 0
with S, given by (1.17) and (1.18), T b, given by (1.19) and (1.20).
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Outside the surf zone, x > xB , i.e., in the absence of wave breaking, the dissipation of
wave energy is negligibly small such that shore-normal energy fluxes of incident and
reflected waves are constant,
-(Eficos 1 ) = -(Ef, cos0,) =0 for x> xB(1.23)ax ax
and the driving force for longshore currents vanishes, resulting in v, =0 for x > XB by
use of (1.22) and (1.19).
Inside the surf zone, x < xB , wave breaking dissipates energy and therefore produces a
longshore current driving force as shore-normal energy fluxes now vary with x. In the
presence of a reflective seawall we do not have any model from which we can obtain the
variation in driving stress across the surf zone. Several models for the rate of dissipation
of wave energy for a progressive breaking wave, in the absence of reflected waves, have
been advanced, e.g., Battjes and Janssen (1978) and Dally et al. (1985). Recently,
McDougal (1996) modified the Dally et al. dissipation model to take reflected waves into
account. However, the dissipation was treated as if it were exclusively associated with the
incident wave. This effectively amounts to neglecting the contribution of the reflected
wave to the radiation stress gradient in (1.18), an assumption also made by Brown (1996)
who further assumed the incident wave to behave as if it were alone.
Missing in the above analysis is the crucial information on the variation of incident and
reflected wave amplitudes across the surf zone. To obtain this information is the objective
of this study, and with this information available from our experimental investigation, we
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can formulate a longshore current model, which explicitly accounts for the effect of a
reflecting seawall located within the surf zone.
1.3 Experimental study
The preceding theoretical considerations have shown that the amplitude variations of
incident and reflected waves inside the surf zone need to be quantified in order to
evaluate incident and reflected wave energy flux terms given by (1.17) and appearing in
the expression for the radiation stress gradient (1.18). After this is established we can
attempt a rational prediction of wave-induced longshore currents in the presence of
seawalls located in the surf zone. To achieve the objective of this research project,
laboratory experiments are performed to determine the changes in the wave
characteristics across a gently sloped surf zone bounded by a reflective structure. To be
extracted from this information is the rate of energy dissipation experienced by incident
as well as reflected waves as a function of location within the surf zone, incident wave
characteristics and reflective properties of the seawall. Based on the experimental
determination of energy losses of incident and reflected waves, we will verify and/or
modify the model developed by Madsen and Brown (1996) for wave-induced longshore
currents along seawall protected beaches as a function of the seawall's reflective
characteristics and its location within the surf zone.
Periodic waves normally incident on a gently sloping beach (1 on 30) are generated in the
large wave flume in the Ralph M. Parsons Laboratory. Since the angle of incidence of
obliquely incident waves is generally small, when they reach breaking and beyond,
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normal incidence is considered a realistic simplification of actual conditions in a surf
zone.
Surface profiles are measured along the flume starting from the constant depth portion
and continuing up to the slope through the surf zone. By fitting the theoretical variation
of the wave amplitude variation to the observations, the variation of incident and
reflected wave amplitudes along the flume and across the surf zone are determined. This
variation is, in turn, used to obtain an estimate and a model for the wave-associated
driving force for longshore currents as a function of location and reflective characteristics
of the seawall.
In addition to water surface displacement measurements, velocities are measured using a
SonTek ADV - Acoustic Doppler Velocimeter. The information on the variation of the
velocity signal plus the surface profile information are used together to extract incident
and reflect wave components. The theoretical development necessary to use this
experimental procedure is presented in Chapter 2, along with a detailed description of the
experimental set-up and methodology.
Experimental results without a seawall on the beach are performed in order to obtain
baseline data on incident wave energy dissipation in the absence of a reflective structure,
are presented in Chapter 3. Subsequent chapters present experimental results for which
seawalls are either vertical (Chapter 4) or sloped (Chapter 5). The conclusions of our
study are presented in Chapter 6.
27
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Chapter 2
Experimental Setup and Data Analysis
2.1 Experimental setup
All the experimental work was carried out in the Ralph M. Parsons Laboratory at the
Massachusetts Institute of Technology. The main setup was a large wave flume equipped
with a piston-type servo-controlled wave maker. Additional equipment included wave
gauges to record surface displacement, SonTek Acoustic Doppler Velocimeter (ADV) to
measure velocities, computers to acquire and process data and an HP oscilloscope to
monitor any possible zero position drift of wave gauge signals. Figure 2-1 shows a
schematic view of the experimental installation. We will describe in more details each
part of this system in the following subsections.
Wave gauge ADV probe
Rails
seawall
Wave maker water depth h = 45 - 53 cm 1:30 slope
J.. 1 slopeI 1:10 slope _1 .6Constant depth region x=1 0.6m
x=0 at wave maker x=9.5m
Figure 2-1 Experimental set-up (Note: The wave gauge and the ADV probe are actually
in the same vertical plane.)
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2.1.1 The wave flume
The wave flume is 28 m long, 76 cm wide and 85 cm high. From here on we will refer to
the longitudinal axis of the channel as coordinate "x " with zero at the wave maker mean
position and positive towards the beach. The beach was constructed of marine plywood
and was composed of two parts, the 1 on 10 slope starting at x = 9.5 m and 1 on 30 slope
starting at x = 10.6 m (See Figure 2-1). The seawall is a 2 cm thick marine plywood
board with rubbles glued to its seaward side. The toe of the seawall was located at x =
17.8 m. In order for us to easily adjust the slope of the seawall, both the seawall and two
supporting beams were hinged onto the beach. The water depth was measured using a 1
meter long ruler with accuracy of 1 mm. In all the experiments the water depth at
constant depth region was in the range of 45 cm to 53 cm.
The whole wave tank is supported by a metal frame, which has cross bars and a pair of
legs every 1.5 m. The sidewalls and the bottom of the channel consist of 6 mm thick glass
panels, except at the beginning (first 3.6 m), which are not glass but metal plates. The
bottom panels are reinforced by installing a central support along the channel consisting
of a large I-beam supported on the metal frame itself. Every 3 m along the channel there
are silicon sealer junctions of glass panels. These sealer junctions are bands of about 5 cm
wide on both walls and bottom.
Along the channel, on top of the metal frame, there are two rails consisting of metal pipes
3.2 cm in outer diameter. A rigid metal trolley with wheels underneath was placed on the
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rails. The measuring devices, i.e., wave gauges and ADV, were mounted on the trolley so
that they could be moved with relative ease and smoothness.
At the beginning and end of the tank there are rectangular basins with smooth transitions
to the width of the flume itself. The wave maker paddle and the beach isolate the channel
from those basins. All the gaps between the beach, seawall, sidewalls and bottom of the
tank were taped tightly to prevent leakage of water from the wave tank to the basin. In the
basin behind the wave maker several pieces of 5 cm thick fibrous material are submerged
in the water in order to reduce the wave agitation behind the wave maker.
2.1.2 The wave maker
The wave generating system consists of a servo-controlled, hydraulically driven, piston-
type wave maker located at one end of the channel. The paddle of the wave maker moves
horizontally with uniform motion over the depth. There are rubber seals on both sides and
on the bottom of the paddle to reduce leakage through the gaps between the paddle and
the inner channel. The system is equipped with an internal signal generator that produces
sinusoidal, square and triangular monochromatic periodic signals with user-controlled
frequency and amplitude. It is also possible for the wave maker to be controlled by
computer-generated external signals. In our experiments only internal sinusoidal signals
were used.
31
2.1.3 The wave gauge
The wave gauge, used to measure surface displacement, consists of a pair of thin (0.13
mm in diameter) nichrome wires (20% chromium, 80% nickel) arranged vertically,
parallel to each other 4 mm apart. The wires are placed under tension using a 45x15 cm
frame made of 6 mm diameter stainless steel tube, the longer leg of the frame parallel to
the wires (15 cm away from them) in such a way that the frame and wires lie in a vertical
plane normal to the axis of the channel. The wires and frame are mounted on a rack and
pinion system that allows accurate vertical positioning using a built-in scale marked at
1mm intervals. When positioned, the pair of thin wires pierces the free surface and
detects the change in total conductivity between the wires, which is a function of the
length submerged in the water. The supporting frame produces very small disturbances to
the surface when waves pass the gauge location. These "disturbing" wavelets are of
frequencies far higher than the generated waves and therefore not interfering appreciably
with the measurements. The nichrome material has the advantage of not producing an
oxide film, which could affect the temporal stability of calibrations.
The wave gauge is supplied with an AC excitation voltage by a wave gauge controlling
unit (resistance measuring device). The gauge responds to the changes in water surface
elevation with an AC signal, which is demodulated and filtered by the controlling unit
producing a DC voltage. This DC voltage follows the variation of the surface. The signal
of the wave gauge is monitored with a Hewlett Packard Corporation oscilloscope model
54601A.
32
The output DC signals from the wave gauge controlling unit is sent to an external
terminal box connected to an analog data acquisition card inside the desktop computer.
The data acquisition card has adjustable analog ranges that in our case were always set
within the -10 v to 10 v range. The A/D (analog to digital signal) conversion is done
using a 12-bit successive approximation converter.
To obtain the water displacement vs. voltage relationship, the wave gauge calibration is
the first step in a surface wave measurement. Wave gauge calibration was done before the
experiment at one location, usually within the constant depth region, and once after the
experiment at the same location. Performing the calibration requires a still water level.
The drift of the zero observed on an oscilloscope provided information on the validity of
the calibration. If in some cases (less than 10% of the experiments) drift was found
unacceptable, usually ±3 mm around the original zero position, after a measurement has
been done, a posteriori calibration would be used. Though the zero position shifted in
such cases, the unit change in voltage still mapped to the same surface displacement
change as in prior calibrations, for instance, a change of 1 v in voltage still corresponded
to a change of 2 cm in surface displacement. Before running the wave maker, i.e., at still
water level, we also took a 0.5 min long record at each location along the length of the
flume. From the mean water surface we can tell the difference in rail elevation (due to the
slight unevenness along the rails) between the calibration and other measurement
locations. Therefore, those data may be used to adjust the wave gauge zero reading
position at those locations.
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Each time we calibrate, we have to estimate the range of water surface displacements for
the wave conditions with some spare room left for reflection and higher harmonics, and
place the gauge elevation in a position that will cover the whole range. The signal is
amplified or reduced to map this physical surface displacement range into about 80% of
the voltage range (-10 v to 10 v), and the zero voltage set for the still water level.
The calibration is aided by a computer program, which performs all tasks except
physically moving the elevation of the gauge. Typically, the calibration was done with 13
points uniformly distributed, 3 cm apart, in the whole range. Each point (voltage, surface
displacement) was obtained by sampling 400 times and getting the mean value for the
voltage. The purpose of doing so is to average out small high frequency wavelets
sometimes present due to vibrations produced by vehicles on the street outside the
laboratory. Typically the standard deviation of the 400 samples was of the order of 1x10-2
cm. Once all points were sampled, a least squares cubic polynomial fit was performed,
obtaining the coefficients of the polynomial which express surface displacement in terms
of voltage. The relationship was quite linear, but the quadratic and cubic terms were still
needed to keep the standard error at an acceptable level. A text file containing the
coefficients was generated by the program and later was used to map voltages to actual
displacement.
Typically the standard error of the cubic polynomial fit was of the order of 3x10-2 cm
which could be interpreted as an estimate of the accuracy of each of the points in a
surface displacement record. Notice that the weakest link in the measuring system is
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probably the accuracy with which the operator can place the gauge at each of the
calibration levels. Thus the millimeter scale on the wave gauge can be reasonably
expected to be close to the standard error found.
2.1.4 The SonTek ADV
The SonTek ADV (Acoustic Doppler Velocimeter) is a versatile, high-precision
instrument used to measure three dimensional (3D) water velocities. The ADV uses
acoustic Doppler technology to measure 3D flow in a small sampling volume (less than
0.2 cm3) located a fixed distance (5 cm in our experiments) from the probe (Figure 2-2).
The velocity range is programmable from ±3 to ±250 cm/s. Data can be acquired at
sampling rates up to 25 Hz. With no zero offset, the ADV can measure flow velocities
from less than 1 mm/s to over 2.5 m/s.
.V/
Remote Sampling
Volume for
3D Velocity
Figure 2-2 The SonTek ADV probe and sampling volume
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The ADV consists of three basic elements: the probe, the signal-conditioning module,
and the processor. The probe is attached to the conditioning module, which contains low-
noise receiver electronics enclosed in a submersible housing. The ADV conditioning
module and probe are connected to the processing module using a shielded cable about
15 m long.
2.1.4.1 The ADV probe
The precise location of the ADV sampling volume is determined by probe geometry. The
distance from the tip of the probe to the sampling volume in our experimental setup is 5
cm, which is sufficient to avoid flow interference. The acoustic sensor was mounted on a
rigid stem 40 cm long (See Figure 2-3). The down-looking sensor orientation is in our
case ideal for measurements close to the bottom.
Figure 2-3 The SonTek ADV probe and mounting stem
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2.1.4.2 The ADV signal-conditioning module
The ADV signal-conditioning module is a cylindrical aluminum housing that is anodized
and powder coated for corrosion protection. The cable to the processing module is
permanently attached using an underwater penetrator. The probe is attached to the front
end-bell of the housing.
2.1.4.3 The ADV processor
The ADVLab is used with a desktop PC in the laboratory setting (the processor card is
installed inside the computer). All communication and power are handled through the
computer 1/0 (input and output) bus. Also installed in the computer is an analog data
acquisition card to sample eight analog voltages, which in our case only one channel is
used to measure the signal from the wave gauge. The ADV software can be used to
collect, display, and record data from the ADV and analog sensors (wave gauges in our
study).
2.2 Data acquisition and analysis
2.2.1 Theoretical basis for temporal analysis
Linear wave theory was used in the data analysis. In the following sections, the
coordinate system is defined as follows. "x " is in the longitudinal direction along the
channel and positive toward the beach. " z " is in the vertical direction with zero at the
still water level and positive upward. " y" is in the transverse direction with zero at the
center of the wave flume so that "x "; "y" and " z " axes abide by the right-hand rule.
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The incident and reflected plane waves can be expressed locally as
m, = a, cos(kx -ot +p) (2.1)
11,. = a, cos(kx +ot +(p,) (2.2)
where a is the wave amplitude, (p being phase angle, subscripts i and r standing for
incident and reflected waves, o radian frequency, and k = k(x) local wave number
related through dispersion relationship
o 2 = gk tanh kh (2.3)
where h = h(x) is the local water depth. Therefore, at any time, the surface displacement
at location x is
ri =Il, +Tr = coswt[a cos(kx +<pi) + a, cos(kx +<P,.)]
+ sin ot[a sin(kx +<p1 ) - ar sin(kx +<Pr)] (2.4)
Further, by use of simple trigonometry, (2.4) can be written as
T = A cos(ot +pA, ) = cosOt[A cos(PA, ]+ sin Wt[-A sin PA, ] (2.5)
The horizontal velocities in the x direction of incident and reflected waves are expressed
as
cosh k(z + h)
u, = awo cos(kx -ot +p) (2.6)
sin kh
u,. = -aw cosh k(z + h) cos(kx +ot +p,.) (2.7)
sin kh
where h + z is the distance from the bottom boundary to the sampling volume of the
ADV and this value can be recorded by the ADV software, and h = h(x) is the local
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water depth. The velocity at a certain location x and water level h + z is the sum of u,
and u,:
U =U. +Ur =(Ocosh k(z + h)k)( )
sin kh
cosh k(z +h)
+o sin wt[a, sin(kx +<pj)+ a, sin(kx +p,)]
sin kh
(2.8)
Similar to i1 , u can be rewritten as
u = U, cos(ot + p, ) = cosot[Ul cosep, ] + sin ot[-U, sin tpu, ] (2.9)
Suppose we know U1 , ep, , A and pA . By matching (2.4) with (2.5), and (2.8) with
(2.9), i.e.,
A cosp, = ai cos(kx +p,) + ar cos(kx +(Pr)
- A sin(pA = a, sin(kx +<p) -a, sin(kx+rp,)
U cospu =oza, cos(kx+p) -Ozar cos(kx +p,)
- U1sin p, = (oza, sin(kx +p,) +ozar sin(kx +<pP)
OZ =o cosh k(h + z)/sinh kh
(2.10)
(2.11)
(2.12)
(2.13)
(2.14)
we solve these four equations with four unknowns, i.e., aj, a,, <p, and (p,, getting
a [U2 +((0A )2 + 2Up0A1 cos(pA -90, )]2 (2.15)
20w
a= 1 )2 -2Io-PV2(2.16)
2 =mU(
2o a1
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with
1
sin(kx +P)= (-oxAsin ( - U, sin ep, (2.18)
2oza. P Usnp)(.8
cos(kx +p,.) = (o Acos(pA - U1 cosev, (2.19)
2o7ar
1
sin(kx +pr )= (oxA sin (pA, - U, sin p,) (2.20)
The above analysis shows how we resolve the incident and reflected wave components
using two pieces of information, the surface displacement and horizontal velocity, at one
location x. The reflection coefficient R is defined as
R = ar/ai (2.21)
The following subsection discusses how to resolve incident and reflected wave
components from spatial analysis, i.e., from the surface displacement analysis of several
points within a short distance.
2.2.2 Theoretical basis for spatial analysis
From equation (2.4) and (2.5), we obtain
A, = [a2 + a2 + 2a a, cos(2kx +<p, +(p,.)]112 (2.22)
From here on, we will use x1 , x coordinate of each location as its identification number
where n is the total number of stations with j = 0,...n -1 along the wave flume. Outside
the surf zone, the variation in wave height is largely due to shoaling, bottom friction and
sidewall friction. Inside the surf zone, wave breaking becomes the dominant element for
wave height decay. In either zone, the incident wave height can be assumed to decay
linearly within a short distance (from xi to Xjk,, k >1 is an integer) in the direction of
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wave propagation if there is no significant change in bottom profile (e.g., steep step) and
no wave breaking.
a (x)=a,(xj)+aox, Xj x X Xjk (2.23)
where a, (xj) is a constant from x to Xj+k and a is the decay coefficient and can be
either greater or less than zero. Similarly, the reflected wave height can be expressed as
a,(x)=a,(xj)+ x, X I x .X +k (2.24)
where % is the decay coefficient of reflected waves. Again, reflection coefficient is
defined as R(x)=a,(x)/ a(x), x1  X Xj+k.
Therefore, (2.22) can be rewritten as
A1 =[(a,(x ) +Ux) 2 +(a,(xj)+ px)2
+ 2(ai(xj)+ax) -(a,(x)+ Px)-cos(2kx+(p +(p, )]11 2
In our experiments, we took measurements at such intervals that x + - xi
(2.25)
4 2n n
4 2k 4k
quarter of local beat length. Thus, we can use nonlinear curve fit to resolve the local
incident, reflected wave components, the reflection coefficient, and the decay of the
incident and reflected waves with higher accuracy.
A nonlinear least-squares data fitting by the Gauss-Newton method was used in the
spatial analyses. The MATLAB function NLINFIT(X, Y,'MODEL', BETAO) finds the
coefficients of the nonlinear function described in MODEL. MODEL is a user supplied
function having the form y = f (beta, x). That is MODEL returns the predicted values of
y given initial parameter estimates, BETAO, and the independent variable, X .
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[BETA, R, J ] = NLINFIT(X , Y,' MODEL', BETAO) returns the fitted coefficients BETA,
the residuals, R, and the Jacobian, J, for use with another MATLAB function
NLINTOOL to produce error estimates on predictions.
In this case, the MODEL is equation (2.25), X is a vector [xJ,x+1,...xj+k] in which
XJ...Xj+k are the stations used for nonlinear curve fit, Y is the wave amplitude vector at
corresponding locations x1... XIk and is obtained from FFT. BETA is the vector of
coefficients [ai(xj), a,(x),x, 0,k,p +p,] while BETAO is the initial estimate of this
vector. Wave number k is treated as a constant over this short distance and is obtained by
solving the dispersion relationship (2.3).
One practical problem in using the above method is that lots of combinations of ago, aX,
aro, P, k and (P, +(Pr may locally fit the curve very well. However, most of the
combinations give unreasonable results, for example, the resulting reflection coefficient
is positive for some data points and negative for the others no matter what phase angle is
chosen. Another problem is that NLINFIT function is sensitive to the wave number k,
which in this case varies over the short distance from xi to Xj+k. Common to nonlinear
optimization, the initial values of the parameters and steps will determine if the final
result falls into a local minimum. Most important, the straight application of this method
neglects the information of adjacent segments of the curve, i.e., the requirement of
smooth transition of both incident and reflected wave amplitude. Given this requirement,
the problem turns out to be that of constrained nonlinear optimization, which is not well
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solved yet. Therefore in practice, those parameters are first estimated from the curve
trend. The upper and lower envelopes are sketched on the figure of total amplitude
variation, and initial estimates for the incident wave amplitude variation (a0 and a ) are
obtained from the center line of the two envelopes. Initial estimates for the reflected wave
amplitude variation (a,.0 and $ ) are then obtained from the envelope variation around
the center line. Taking these estimated parameters as the initial values, function
NLINFIT is then used to do the curve fitting. Or we can also apply small adjustments to
those estimated parameters and find the best least squares.
2.2.3 Data acquisition and analysis
The water surface displacement was measured by a wave gauge, while the velocities were
measured by the ADV. The frame of the wave gauge and the ADV probe were placed in
the same vertical plane, normal to the longitudinal axis of the channel. Thus, in the case
of plane waves as ours, they actually measure at the same x location. During an
experiment, the measurements were taken at each location for a period of time, typically
3 to 5 minutes. The choice of measurement locations is dependent upon the local wave
number or local wavelength. The wave period is adjustable through the wave maker
control panel and can be read on the HP oscilloscope. With the water depth at each
location measured, we can then calculate the local wave number from the dispersion
relationship equation (2.3). Those points, which divide the local wavelength into 8 pieces
evenly spaced, would be chosen as measurement locations. By doing so, we can actually
have 5 points within a beat length, which are enough for us to obtain the beat profile
using a nonlinear curve fit.
43
The raw data were stored into binary files compressed in ADV format. Using the
software shipped by SonTek, we were able to determine the distances both from the
sampling volume to the boundary (h + z in section 2.2.1) and from the ADV probe tip to
the boundary, and extract the water surface displacement and velocities from the ADV
files and save these data into pure text files. One of the advantages of using text files is
that almost all data analyzing and scientific computing software identify or even require
text file inputs. The other advantage is to simplify the transfer of the data files over
network, as we do not have to encode the binary files. The computer used to record data
was a Dell 486 (Intel CPU, 66MHz), too slow for use in analyzing data. We then need to
do the analysis on a much faster machine on which we can run the analysis software like
MATLAB and Microsoft Office 97. Saving all the data as well as the results in text file
format makes it much easier and less painful to transfer files between different systems,
e.g., PCs running Windows operating system and SUN SPARCS running Solaris in our
study. We also used the high capacity Iomega disks (100 megabytes/disk) to store the raw
ADV files as well as wave gauge calibration information for each experiment. The only
apparent disadvantage of using text files, is the increase in file size. However, the huge
capacity of the computers nowadays eliminates this drawback completely.
The wave surface displacement and velocity data are essentially time series equally
spaced, e.g., 40 ms apart if the sampling rate is 25 Hz, so we can Fourier analyze these
data to obtain frequency spectra. Some MATLAB programs were written to fulfill this
task, in which fast Fourier analysis (FFT) was employed. We know that the actual wave
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period was just around the wave maker period reading (with limited accuracy) from the
oscilloscope. Therefore, we can find the exact frequency by choosing different number of
points in the FFT such that both surface displacement and horizontal velocity frequency
spectra become clear-cut and the main harmonic components reach their maximum with
minimal sidelobes.
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Figure 2-4 Effect of "fine-tuning" frequency output values of FFT
(a) No fine-tuning; (b) With fine-tuning
Figure 2-4 shows how fine-tuning the FFT frequency output values would affect the FFT
amplitude outputs (as well as velocity outputs, which are not presented). Figure 2-4 (a)
was obtained by inputting into FFT program the first 735 points of the water surface
displacement measurement during an experiment, sampled with a frequency of 25 Hz,
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i.e., at the interval of 40 ms. The peak value of the first harmonic component, A =
8.6726 cm (with a phase angle of 148.9 degrees, not shown in the above figure), appeared
at frequency f = 0.4762 Hz. While in figure 2-4 (b), the number of points in FFT was
adjusted to 725, then the peak value of the first harmonic amplitude, A = 9.2503 cm
(phase angle = 113.7 degrees), appeared at f = 0.4828 Hz. Although the main frequency
only shifted by +1.4% from 0.4762 Hz to 0.4828 Hz, the first harmonic amplitude
increased by 6.7% and the phase angle decreased by 23.6%. From this typical example,
we see that the number of points in FFT plays an important role in locating the wave
period and extracting information (amplitudes and phases) of various harmonic
components from wave records.
Given the number of points in a time series, N , and the time step At (related to sampling
frequency fsp, by f,,pi, = 1/ At), the frequency vector outputted from FFT will be
[0, Af , 2 -Af , ... , (N -1) -Af ] in which Af = f,s, /N . The purpose of adjusting the
number N in the FFT, therefore, is to look for an optimum combination of an integer n
and a frequency step Af , such that n -Af is close to the actual main frequency and
produces a sharp peak value. In the above example of 725-point-FFT,
Af = 1/(725-0.04) = 0.0345 Hz and n = 14.
This way, we obtained the first and other higher harmonics using our programs. Applying
the theory presented in section 2.2.1, we thus resolved the incident and reflected wave
components from the time series of surface displacement and horizontal velocity. The
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results on incident and reflected waves would be further used for other analysis, e.g.,
energy dissipation patterns of incident and reflected waves, reflection coefficients, to
name a few.
The experimental results in the absence of a reflective structure, in the presence of a
vertical seawall and a sloped seawall are presented in subsequent Chapters 3, 4 and 5,
respectively.
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Chapter 3
Experimental Results in the Absence of Seawalls
3.1 Overview of experiments
Sets of experiments with different wave periods ranging from 1.5 to 2.5 seconds were
carried out in the absence of a highly reflecting structure in the surf zone to provide the
baseline data of incident wave energy dissipation. In the following typical result, the
wave period is 2.06 seconds and the water depth in the constant depth region is 50.0 cm.
The breaking of the waves occurred visually around x = 13.1 m and the breakers can be
classified as spilling type. The wave maker was run 10 minutes in order for stationarity to
be established before measurements were taken. A three-minute record of both water
surface displacement and velocity was taken at 77 locations from x = 5.0 m to x = 17.2
m along the wave flume. Since the wave-length shortened with the decrease of water
depth, the measurements were taken 25 cm apart in the constant depth region, 20 cm
apart before wave breaking and 10 cm apart after breaking, in order to obtain enough
resolution within a beat length. The SonTek software was used to extract the surface
displacement and velocity from the raw data, followed by the Fast Fourier Transform
(introduced in Section 2.2.3) to retrieve various harmonic components. The following
Section 3.2 presents 25-second segments of wave records and the corresponding
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frequency spectra at five characteristic locations. Section 3.3 gives the cross-shore
variation of incident and reflected wave characteristics and reflection coefficients.
3.2 Wave records and frequency spectra
Figures 3-1 and 3-2 present the segments of surface displacement records, ri (t), and
horizontal velocity records, u(t), at typical locations along the wave flume. Figure 3-1
(a) shows rl (t) at x = 7.0 m which is in the constant depth region of the flume. The
surface profile in this region is seen to be highly nonlinear and the wave height is about
H = 20.0 cm, where H is defined as the average of the vertical distances from the crest
level to the trough level of n (n = 10 in the following analysis) successive waves.
H =- (rm -f ), (3.1)
ni=1
Given the constant portion's water depth h = 50.0 cm and wave period T = 2.06 s, the
wave length calculated using linear theory is L = 4.20 m and the Ursell parameter,
U = HL = 28.2, indicates that the waves are highly nonlinear. The relatively sharp
peaks and flat troughs can also be seen from the horizontal velocity record in Figure 3-2
(a). Figures 3-1 and 3-2 (b) are from x = 12.6 m, a location slightly before the visually
determined location of breaking. The forward leaning crests are reflected in both surface
and velocity records. It is noted that the records both immediately before and after
breaking, shown in Figures 3-1 and 3-2 (c), are very periodic with each wave being
virtually identical to its neighbors.
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Figure 3-1 Surface displacement records taken by the wave gauge; (a) x = 7.0 m,
constant depth region; (b) x = 12.6 m, right before wave breaking; (c) x = 13.4 m, right
after wave breaking; (d) x = 15.0 m, breaking zone; (e) x = 17.1 m, farther away from
the breaking point.
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Figure 3-2 Horizontal velocity records taken by the SonTek ADV; (a) x = 7.0 m,
constant depth region; (b) x = 12.6 m, right before wave breaking; (c) x = 13.4 m, right
after wave breaking; (d) x = 15.0 m, breaking zone; (e) x = 17.1 m, farther away from
the breaking point.
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Recalling that the waves broke visually at x = 13.1 m, we see a clear positive offset of
the mean of rj (t), corresponding to the wave setup, as we move into the surf zone (x =
15.0 and 17.1 m). The mean horizontal velocity in Figure 3-2 (d) and (e), however,
exhibits an obvious negative shift from zero which is caused by the undertow, the strong
seaward current generated by breaking waves. The wave height drops dramatically to
about 10 cm at x = 17.1 m due to wave breaking whereas the horizontal velocity appears
to be somewhat less affected.
The records of the broken waves demonstrate a characteristic saw-tooth-like variability
from one wave to the next. The principle of wave gauge measurements discussed in
Section 2.1.3 show that the change in total conductivity between the wires of the gauge is
a function of the length submerged in the water, i.e., an indication of water surface level.
In the surf zone, however, the total conductivity might be affected by the splashing
surface water as well as air-entrainment and no longer be equivalent to the surface
elevation. Despite this difficulty in measuring the actual surface profile of breaking
waves with a surface piercing wave gauge, the signal recorded in the surf zone is still
strongly periodic, as we have seen in Figure 3-1 (d) and (e).
The visual impression of the strong periodicity of the 1 (t) and u(t) records is reflected in
the surface and velocity spectra obtained from these records and shown in Figures 3-3
and 3-4.
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Figure 3-3 Surface displacement spectra; (a) x = 7.0 m, constant depth region; (b) x =
12.6 m, right before wave breaking; (c) x = 13.4 m, right after wave breaking; (d) x =
15.0 m, breaking zone; (e) x = 17.1 m, farther away from the breaking point. Note: Only
the first 150 points are shown in the above spectra.
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Figure 3-4 Horizontal velocity spectra; (a) x = 7.0 m, constant depth region; (b) x =
12.6 m, right before wave breaking; (c) x = 13.4 m, right after wave breaking; (d) x =
15.0 m, breaking zone; (e) x = 17.1 m, farther away from the breaking point. Note: Only
the first 150 points are shown in the above spectra.
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In the spectra of surface profile and velocity, it is noted how the second and higher
harmonics grow relative to the first harmonic as breaking is approached. Shown in
Figures 3-3 and 3-4, the first harmonic is dominant over other higher harmonics in the
constant depth region (a), while the second and higher harmonics begin to show up and
carry a larger portion of energy slightly before (b) and after (c, d and e) the breaking
point, with the second harmonic amplitude being of the order of half of the first
harmonic. Still, the strong periodicity of the records is demonstrated by the clear
dominance of the harmonic components.
In addition to the harmonic components, the spectra show a zero frequency component,
i.e., a constant. Half of this value represents a steady surface displacement or mean water
level (MiWL), if, in Figure 3-3, and a mean current, i-, in Figure 3-4. The phase of i- is
always 7n , therefore the amplitude is that of a negative (seaward directed) current. The
phase of if, however, is either 71 or 0, corresponding to the wave set-down or set-up in
Figure 3-3 (a, b and c) and (d and e), respectively. These shifts in the mean were also
noted in the raw time series of r9 (t) and u(t) previously presented and discussed. Given
the incident wave height H 20 cm, period T = 2.06 s (radian frequency being o =
3.05 1/s), and water depth h = 50.0 cm in the constant depth region, linear wave theory
gives kh = 0.75 and the second order Stokes wave theory (Lecture notes of Basic Wave
Theory, Madsen)
u =o H 2, (3.2)8 h
gives a return current of -5.1 cm/s which is in reasonable agreement with the measured
mean current shown in Figure 3-4 (a). Notice that this absolute value is only growing
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slightly from the constant depth part to the breaking point whereas it grows dramatically
inside the surf zone reaching a value of -17.3 cm/s at x = 15.0 m and then decreases to
about -11.0 cm/s at x = 17.0 m. This is the undertow created by the breaking waves.
3.3 Cross-shore variation of wave characteristics
We see from the frequency spectra (Figures 3-3 and 3-4) at each location that the first
harmonic component of total (incident plus reflected) wave amplitude is dominant, i.e.,
the majority of the wave energy is carried by the first harmonic. The same conclusion
holds true for the horizontal velocity. Although the amplitudes of the first harmonics A
and U1 , dominate in the frequency spectra, higher harmonics increase in the shore-ward
direction, particularly as breaking is approached. Therefore, we define a representative
energy wave amplitude A, and the corresponding horizontal velocity amplitude U, as
Ae =( Af )" 2  (3.3)
Ue = (U )1 /2  (3.4)
i=1
where A and Ui, i =1. .5, are the i th harmonic wave amplitude and horizontal velocity
obtained directly from FFT of the wave record, respectively. Shown clearly in the
frequency spectra, Figures 3-3 and 3-4, is the fact that the peaks are located almost
exclusively at main harmonics, particularly in the first five harmonics, which means the
energy values Ae and Ue are almost the same as RSS (Root of Sum of the Squares)
values of surface displacement and horizontal velocity spectra, ARSS and URSS' defined
by
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nARSS = A 1/2 (3.5)
n
U RSS = (YU 2)1 2  (3.6)
i=1
where n is the total number of points in the frequency spectra minus one (the zero th
harmonic). However, for experiments in which the signals are not clearly periodic, the
RSS values ARSS and URSS may differ from A, and Ue.
Rather than a spectrally determined amplitude, it is customary to define the wave
amplitude and velocity amplitude based on the analysis of individual wave characteristics
in the wave record, i.e.,
A ,. = (1 34) (3.7)
2n j=
Ur =-I (urnax -um), (3.8)
where (1m.x -rjn )i is the height measured from the i th crest to the following trough in
the surface displacement record, (u x - um ), is the similar value calculated from the
velocity record and n, set to 10 in our analysis, is the total number of waves in the
calculation. These definitions are widely used by ocean engineers to get the wave height
in the field and in laboratory research.
The variation of these measured wave characteristics along the wave channel is presented
in Figures 3-5 and 3-6. As described in Chapter 2, the 1 on 10 beach slope starts at x =
9.5 m and ends at x = 10.6 m, after which the slope is 1 on 30.
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Figure 3-6 Cross-shore variation of horizontal velocities
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Figure 3-5 shows the cross-shore variation of several representative values of wave
amplitude in which AO is the wave set-down/set-up, A is the first harmonic wave
amplitude, A, the energy surface amplitude, A, the wave record amplitude, and ai (x) is
the predicted incident wave amplitude accounting for shoaling. Figure 3-6 shows the
cross-shore variation of representative values of horizontal velocity in which UO is the
wave-induced current, U, is the first harmonic horizontal velocity, Ue the energy
velocity amplitude, U,,. the wave record velocity amplitude, U,,, the predicted return
current, and ui (x) is the predicted first harmonic horizontal velocity of the incident wave
accounting for shoaling.
It is noticed that A and A, are nearly the same in the constant depth portion as seen from
Figure 3-3 (a), the frequency spectra, in which the second and higher harmonics are
negligible small compared with the first harmonic component. A and Ae start to deviate
as waves climb the slope as seen from Figure 3-3 (b, c, d and e) in which higher
harmonics begin to grow. U1 and Ue in Figure 3-6 also exhibit the similar relation as A
and A,. As we move from the constant depth region onto the slope, we see that record
amplitude A, is 10% to 20% bigger than energy amplitude A,, whereas Ur is 10% to
25% larger than Ue . It is interesting to note that A and Ae start dropping at about x =
11.9 m and U, and U, start dropping at x = 13.0 m, whereas the waves were visually
observed to break at x = 13.1 m. However, both Ar and Ur start decreasing at x =
13.1 m which agrees well with our experimental observation. This can be taken as the
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first clear evidence that different definitions of wave amplitude and velocity used by
various researchers can have considerable effects upon their conclusion regarding the
location of the break point.
The constant depth portion's (x < 9.5 m) waviness of amplitude variation of A1 , A, and
A,. is evidence of a small reflection. It is noticed that the constant depth part of Ar
curve has the wave length (beat length) of 2.1 m, being half the incident or reflected wave
length, 4.2 m. The maximum amplitude appears around x = 6 m, x = 8 m and x = 10 m,
and these locations correspond to minimum velocity amplitude although this is not very
clear in Figure 3-6. Recalling the spatial analysis in Section 2.2.2, we find the maximum
of the amplitude A in Equation (2.25) is roughly the incident wave amplitude a, plus the
reflected wave amplitude ar i.e., Ax ~ ai + ar, and the minimum of A is A. ai - ar,
if the decay coefficients a and P are small. Therefore, an estimate can be made by
taking the segment of the Awr curve between x = 8.0 m and x = 10.0 m and the
reflection coefficient is then R - (A",r)ma" = = 4.3% << 1, as one
(A.). +(A,,.). 12.0+11.0
would expect.
It was observed during the experiment that the waves broke at x = 13.1 m as spilling
breakers. Galvin (1968) gave a parameter for classifying breaker type
H
BO- 0 (3.9)
LO (tanca 2
61
where H0 /IO is the deep water wave steepness and tan u is the beach slope. Galvin
(1968) found that spilling breakers occurred for BO > 4.8. Given wave period T = 2.06 s,
deep water wave length is LO = g T2/2n = 6.6 m and the group velocity is C.o = gT/47r
= 160.8 cm/s. With incident and reflected wave amplitudes resolved from temporal
analysis described in Section 2.2.1, the incident wave amplitude in the constant depth
region, ai, = 9.7 cm (subscript "c" denoting constant depth), is taken as the average
within the beat length from x = 6 m to x = 8 m. The dispersion relationship (2.3) is used
to calculate the wave number k and the group velocity is given by linear theory
C =C (1+
2k
2kh
sinh 2kh
(3.10)
With still water depth h = 50.0 cm, the group velocity Cg = 173.7 cm/s in constant
depth portion. The deep water wave height is HO = Hi( C,( /C 0 = 20.3 cm where the
incident wave height H,, = 2aic = 19.3 cm/s. With tan a = 1/30 in our experiments, B0
turns out to be 27.7, indicating the breaker type of spilling, in agreement with the
observation.
The incident wave amplitude due to pure shoaling, ai (x) can be predicted using linear
theory
a (x) = aic Cgc /Cg (x) (3.11)
and is shown in Figure 3-5. The corresponding horizontal velocity amplitude is then
calculated using
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u(x) = ai (x)0 (3.12)
sinh kh
and shown in Figure 3-6. Both of the curves terminate at the observed breaking point, x
= 13.1 m.
The mean water level, f , mentioned in Section 3.2, the wave set-up/set-down in Figure
3-5, A0 , is half the zero th harmonic of surface spectra. Outside the surf zone, the wave
set-down can be predicted using the formula given by Svendsen and Jonsson (1976)
under the assumption of no energy dissipation
H 2  2kh
T)= - .(3.13)16h sinh 2kh
where H = 2a, (x) is the predicted incident wave height obtained from (3.11). Inside the
surf zone, Svendsen and Jonsson (1976) give the slope of the mean water surface as
approximately proportional to the bed slope
dW 3B 2 /8d= 3 1 2 8 tan a (3.14)dx 1+3Bp2 /8
in which dW is the slope of the mean water surface, tan a is the gentle bed slope,
dx
H$ =- is the ratio of wave height to water depth and assumed to be constant within surf
h
zone (Note: this $ is not the decay coefficient associated with reflected waves discussed
in Section 2.2.2). The "constant" 1 is of the order of 1 and is about 0.8 for spilling
breakers. However, Bowen et al. (1968) have shown good agreement with (3.13) for
mean values of $ across the surf zone higher that 1.2. Thus, the three lines in Figure 3.5
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give the prediction of wave set-down/up for P = 0.8, 1.0 and 1.2 respectively, in which
the 1 = 1.0 line agrees reasonably well with the present measurements.
The return current is calculated using Equation (3.2) with H = 2ai (x) and is shown in
Figure 3-6 for comparison with the measured values. The predicted return current agrees
well with observations up to the slope (x = 9.5 m) and then starts to deviate from the
measurement. The undertow created by breaking waves is clearly seen in the region from
x = 13.3 m to x = 16.0 m. There is a transition from x = 13.1 to x ~ 14.5 m over
which the undertow strengthens to reach its maximum value of about 20 cm/s in the
seaward direction. Beyond this point the undertow decreases in strength as a result of the
decreased wave height.
Again, we notice that the first harmonic component is dominant over the higher
harmonics, resulting in A, and U, being fairly close to A, and U, , respectively. Thus we
can safely employ only the first harmonics to come up with the incident, reflected wave
characteristics and reflection coefficients using the temporal analysis discussed in Section
2.2.1. Since the reflection is so small, we are unable to get anything meaningful from the
spatial analysis discussed in Section 2.2.2. The cross-shore variation of incident wave
amplitude, reflected wave amplitude and reflection coefficients, resolved solely from the
first harmonic components of surface displacement and horizontal velocity following the
data analysis procedure described in Section 2.2.1, are shown in Figure 3-7, 3-8 and 3-9,
respectively.
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Figure 3-7 Cross-shore variation of incident wave amplitude, Ai
The incident wave amplitude, Ai, obtained from the temporal analysis of the first
harmonic component, is shown in Figure 3-7. For comparison the total first harmonic
amplitude A, and the wave record amplitude A,. are also presented in Figure 3-7. The
Ai curve is very close to A,, which shows that the reflected waves are indeed very small.
The incident first harmonic amplitude drops at x = 11.2 m, well before the visually
observed location of breaking. At x = 13.15 m which is right after the visually observed
breaking point x = 13.1 m, the A, curve shows a dramatic drop from 7.3 cm to 6.3 cm.
This feature is not present in either Al or A,. curve. It is important to notice the big
difference in predicted wave amplitude and the actual value at x = 13.0 m, just before the
break point: the predicted incident wave amplitude gives 10.9 cm, while the measured
value is only 7.3 cm. The discrepancy is even greater if the measured first harmonic
incident amplitude is compared with the wave record amplitude A,,.
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Figure 3-9 Cross-shore variation of reflection coefficients, R, = A. /, A.
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Figure 3-8 shows the variation of the first harmonic reflected wave amplitude as obtained
from the temporal analysis of the measurements. The amplitude of A,, is roughly 0.4 cm,
so with A, ~ 10 cm, the reflection coefficient R ~ 0.04, in reasonable agreement with
the value (4.3%) obtained from the raw data of A,,.. The variation of the first harmonic
reflection coefficient, R = a ,. /ail, is shown in Figure 3-9. The small reflection
coefficient fluctuates by i0.03 around the mean value of 0.05 in the constant depth
region, while this average goes up to 0.10 after wave breaking, largely due to the
decrease in incident wave amplitude and the near-constancy of the reflected wave
amplitude.
An interesting phenomenon exhibited by Figures 3-8 and 3-9 is that the reflected wave
amplitude shows some kind of organized waviness (see the dotted line) from the constant
depth part up to the break point, with a wave length of roughly half the local wave length,
i.e., similar to the beat length. However, there is no systematic variation inside the surf
zone. The phenomenon might be explained in a paper written by Madsen, et al. (1970).
When two crests of waves propagating in the same direction are superimposed, the
resulting surface wave amplitude is decreased, i.e., superposition is not valid. This may
be explained by considering the wave crest of one wave being superimposed on the
"current" associated with the crest of the other wave. When the "current" is following the
wave, its amplitude decreases. If this is applied to the situation when one wave is
reflected (small) and the other is incident (large), then the small reflected wave should
increase its amplitude when it is superimposed on an opposing current associated with the
crest of an incident wave. Thus, reflected wave amplitude should increase at locations of
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antinodes in the partially standing wave formed in the constant depth region. The
observation that the antinodes around x = 8 m and x = 10 m (see Figure 3-7) essentially
coincide with the locations where A,. reaches maximum in Figure 3-8 lends some
credibility to this conceptual explanation of the systematic variation of A and R1.
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Figure 3-10 Variation of water depth and incident wave height; the triangles stand for still
water depth plus set-up h, = h + AO ; the squares being the still water depth h ; the circles
being the incident first harmonic wave height Hil; and the full symbols for data well
beyond the break point (x > 14.5 m)
It is often used that wave breaking occurs in shallow water when H / h reaches a certain
limit. This breaking ratio is often assumed to hold in the surf zone, i.e., for a beach of
constant slope the wave height is assumed to vary linearly with location in the surf zone.
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If we plot the water depth together with the incident wave height as in Figure 3-10, we
find that the best straight line fit of (Hi )B+, the incident wave height well beyond
breaking denoted by the subscript "B+", intersects with the x -axis at x = 23.33 m. The
linearity of the data can be evaluated by the R 2 value (R 2 = 1 meaning absolutely
linear), defined as
(Yi)2
SSE ;SSE= (Y -Y ) 2 , SST =($Y72- _Yi- 1  (3.15)
SST i= i=, n
in which Y is the real data point, Y is the anticipated value obtained from the linear
relationship at the same " x " location as Y , and n is the total number of data points used
in the linear fit. While the fit of (Hi1 )B+ gives R 2 = 0.915, the water depth including set-
up (h+ AO)B+ and without set-up (h)B, best fit lines cross the x -axis at x = 24.10 m
(R 2 = 0.977) and x = 22.56 m (R 2 = 0.998), respectively. The reasonable good linear fit
to the wave height variation within the surf zone, shown by R2 close to 1, is in general
agreement with the previously mentioned rule of H / h = constant in the surf zone. It is
pointed out, however, that this trend is obtained from data well within the surf zone (x >
14.5 m) and does not apply for the entire surf zone (x > 13.1 m).
To make this point more clearly, Figure 3-11 shows the variation of incident first
harmonic wave height Hl = 2ail non-dimensionalized by the total water depth, i.e., still
water depth plus set-up, h = h + A0 . In Figure 3-11, we establish a different horizontal
axis, " X ", with zero at x = 24.10 m, the intersection of mean water level and the beach,
and positive direction seaward, i.e., X = 24.10 - x. The X -axis is then non-
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dimensionalized by the position of the visually observed breaking point XB 11.0 m
(xB = 13.1 m). The total first harmonic wave height H, = 2A , the energy wave height
He = 2Ae and the wave record wave height H,. =2A,. normalized by the total water
depth h, are also plotted in Figure 3-11 for comparison.
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Figure 3-11 Cross-shore variation of wave height non-dimensionalized by the total water
depth h, = h + AO
It is noticed that H, /h+, He /h+ and H,. /h, curves all reach a maximum at X / XB
0.95 corresponding to x = 13.7 m. It therefore seems reasonable to question if the
breaking point actually is located x = 13.1 m, as visually observed. With a "corrected"
breaking point x1B = 13.7 m, or XB = 10.4 m, the variation of H /h, is redrawn in
Figure 3-12.
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Figure 3-12 Cross-shore variation of wave height with "corrected" breaking point; h, is
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It is obvious that Hwr / h, and H, / h, climb to maxima as the "corrected" break point is
approached, whereas the H, / h, curve reaches a very weak local maximum. The values
of H/h, in the vicinity of the break point are of definite interest. If the record wave
height Hwr is used for H , (H /h )B = 0.85 is obtained at breaking, denoted by the
subscript "B". This value is in good agreement with the widely used criterion of wave
breaking, (H / h,)B = 0.8. However, non-dimensional energy wave height (H, / h,)B'
first harmonic total wave height (HI / h,)B and first harmonic incident wave height
(Hil /h,)B give 0.61, 0.49 and 0.48, respectively, which all are substantially lower than
the commonly used value of 0.8. The predicted non-dimensional incident wave height
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(Hi(x)/h+)B = 0.78 with H,(x)B= 2a (X)B = 22.1 cm (see Figure 3-7). This is the
second time we see that different results are obtained from different definitions of wave
height. After the break point, Hw,. /h, drops dramatically from the peak value of 0.85
within a distance of about 1.5 m and then remains approximately constant at a value of
Hw, / h, 0.56. Examination at the He /h , Hi / h and Hl / h, shows variation, but
they all exhibit similar features to Hwr / h, with near-constant values of 0.44, 0.39 and
0.36, respectively following an initial drop after the break point.
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Figure 3-13 Wave height variation with total water depth
In Figure 3-13, the vertical axis shows wave height non-dimensionalized by the total
water depth, and the horizontal axis is the water depth non-dimensionalized by that of the
"corrected" breaking point h+B = 27.68 cm at XB = 13.7 m. The solid circle on the
Hvr./h+ curve is plotted using the mean value of 10 successive wave heights obtained
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from the wave record divided by the total water depth. The error bars show the standard
deviation of these 10 wave heights over total water depth. In the surf zone, the wave
record is somewhat difficult to measure as we discussed in the previous Section 3.2, and
this is reflected in the relatively large variability of the Hw /h, values beyond breaking,
i.e., when h+ /h+B <1.0.
It is noticed that the measurements ended at x = 17.2 m and did not go further into the
surf zone because the results here will be compared with the experiments in which the
seawall is located at x = 17.8 m. The experimental results with extensive surf zone
measurements are presented in the Appendix A.
Experimental results without a seawall on the beach are used to obtain baseline data on
incident wave energy dissipation in the absence of a reflective structure. Subsequent
chapters present experimental results for which seawalls are either vertical (Chapter 4) or
sloped (Chapter 5).
73
74
Chapter 4
Experimental Results in the Presence of Vertical
Seawalls
4.1 Overview of experiments
Two sets of experiments, one with non-breaking waves and the other with breaking
waves, were carried out in the presence of a vertical seawall, whose toe is located at x =
17.8 m. As described in Chapter 2, the 1 on 10 slope starts from x = 9.5 m and ends at x
= 10.6 m, beyond which point the beach slope is 1 on 30. The non-breaking wave
experiments provide the reflection coefficient of the highly reflecting structure, whereas
the breaking wave experiments give the incident and reflected wave characteristics due to
breaking, which is the goal of the present research. In both experiments, the wave maker
was run 15 minutes in order for stationarity to be established before measurements were
taken. The experimental results are shown in the following sections 4.2 (non-breaking
waves) and 4.3 (breaking waves), respectively.
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4.2 Non-breaking wave experimental results
In the non-breaking wave experiments, the wave period was 2.10 seconds and the water
depth in the constant depth region was 48.5 cm. The wave height was kept small
(incident wave height being roughly 2.4 cm in the constant depth region) so that the
waves did not break at any point along the flume. A three-minute record of both water
surface displacement and velocity was taken at 77 locations from x = 5.0 to x = 17.2 m.
The measuring interval in the constant depth region was 25 cm, while it shortened to 20
cm on the slope, and 15 cm near the toe of the seawall, respectively. Because the friction
introduced by the rubble glued to the seaward side of the reflective structure dissipates a
small portion of the incident wave energy, we would expect a reflection coefficient to be
less than but close to unity.
4.2.1 Wave records and frequency spectra
The wave record is very periodic throughout the wave channel, even on the slope and
near the toe of the structure. The wave records and frequency spectra shown in Figure 4-1
are from x = 15.1 m which is on the 1 on 30 slope. The periodicity is obvious in both
surface profile and velocity records, with each wave being virtually identical to its
neighbors. The surface displacement (b) and horizontal velocity (d) spectra show that the
first harmonic is dominant over higher harmonics.
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77
5 10 16 20 25
Time (seconds)
(d)
- - -- - -- - - - -- - - - - - - - - -
- - - - - - r - - -I - - - - - - r - - - - -
- - - - - - L - - - - - - - - - - - - - - -
We also see from the zeroth harmonics in (b) and (d), i.e., twice the mean of r (t) and
u(t), that the wave set-down and the return current are both very small which is also
reflected in the wave records (a) and (c), respectively. The incident wave height at x =
15.1 m is H = 2.6 cm, calculated using the temporal analysis presented in Section 2.2.1.
Given T = 2.1 s and h = 21.7 cm, linear wave theory gives kh = 0.46 and the second
order Stokes wave theory (3.2) gives an incident wave return current of -0.06 cm/s which
is in agreement with the observation from (d).
4.2.2 Cross-shore variation of wave characteristics
Figure 4-2 shows the variation of wave amplitudes in which AO is the wave set-down/set-
up, A is the first harmonic wave amplitude, and A,. is the record wave amplitude.
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Figure 4-2 Cross-shore variation of wave amplitudes
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Figure 4-3 shows the variation of horizontal velocities in which UO is the return current,
U1 and Uwr are the corresponding values to A1 and Awr, respectively.
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Figure 4-3 Cross-shore variation of horizontal velocities
As A, is very close to A, which can also be seen from the spectrum in Figure 4-1 (b),
only the first harmonic wave amplitude A, is shown in Figure 4-2 along with the record
wave amplitude A,. (otherwise A, will overlap A,). Similarly, only U, is shown
together with U,,. in Figure 4-3.
The clear waviness of A, throughout the wave channel is strong evidence of reflection,
with the average remaining nearly constant in the constant depth region and increasing on
the slope. The maximum wave amplitude in Figure 4-2 appears around x = 6 m, x =
8.25 m and x = 10.2 m, and these locations correspond to minimum velocity amplitude
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in Figure 4-3. An estimate of reflection coefficient in the constant depth region can be
made by taking the segment of the A, curve between x = 6 m and x = 8.25 m, that is
2.0-0.5 
= 60%.
2.0+0.5
For comparison, the incident wave amplitude accounting for shoaling, a, (x), is predicted
using (3.11) and shown in Figure 4-2, with the constant depth portion's incident wave
amplitude being the average obtained from temporal analysis (refer to Section 2.2.1)
within the beat length from x = 6 m to x = 8.25 m, i.e., a,, = 1.21 cm. Given the wave
period T = 2.10 s and the still water depth in the constant depth region h, = 48.5 cm,
linear theory gives the group velocity in the constant depth region Cg, = 174 cm/s. Cgc
and a,( are then used in (3.11) to calculated the incident wave amplitude on the slope due
to shoaling. The corresponding horizontal velocity amplitude u, (x) is calculated using
(3.12) and shown in Figure 4-3. Seen from Figure 4-2, ai (x) is virtually in the center of
the Al curve, however, u, (x) appears to be slightly higher than the average line of U1 .
Obtained from (3.13), the predicted incident wave set-down is also shown in Figure 4-2,
which is fairly close to the measured values despite the small undulation of A0 caused by
reflection. The predicted incident wave return current Uret obtained from (3.2) is shown
in Figure 4-3. Again, the predicted and measured values are in good agreement in the
constant depth region and a larger discrepancy appears on the I on 30 slope, which starts
at x = 10.6 m, with a reflection-associated waviness of the measured values.
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R ~ (A, )ma - (Al )min_
(A, )ma +(A )min
As the first harmonic component is dominant over the higher harmonics, we only use the
first harmonic components in the following temporal and spatial analyses (described in
Sections 2.2.1 and 2.2.2, respectively) to resolve the incident and reflected wave
characteristics and these results are presented in Section 4.2.3.
4.2.3 Cross-shore variation of incident and reflected wave
characteristics and reflection coefficient
Figure 4-4 shows the spatial curve fitting of the first harmonic wave amplitude variation,
in which the circles in the figure stand for the measured values and the solid line is the
fitted curve obtained using the methodology presented in Section 2.2.2.
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Figure 4-4 Spatial curve fitting of first harmonic wave amplitude
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The resolved incident and reflected wave amplitudes from temporal (Section 2.2.1) and
spatial (Section 2.2.2) analyses are shown in Figures 4-5 and 4-6, respectively. For
comparison, the predicted incident wave amplitude accounting for pure shoaling, a (x),
and the first harmonic wave amplitude, A1, indicated by the faint dotted line, are also
presented in Figure 4-5.
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Figure 4-5 Cross-shore variation of incident wave amplitude
It is noticed that the incident wave amplitudes resolved from spatial analysis and
temporal analysis are in excellent agreement, both decaying in the constant depth region
and then increasing on the slope. However, there is a discrepancy between predicted
incident wave amplitude a (x) and the resolved incident wave amplitudes from x = 12
m to x = 14 m on the slope. The spatial line (denoted by "*") is obvious in the center of
A, curve, which is expected.
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The incident wave height in the constant depth region is about H = 2.4 cm as seen from
Figure 4-5. Given the still water depth h = 48.5 cm in the constant depth region and
wave period T = 2.10 s, linear wave theory gives the wave length L = 425 cm. The
Ursell parameter is then U = He / h3 = 3.8, indicating that linear theory can be applied
with reasonable accuracy.
The reflected wave amplitude (Figure 4-6), despite the variability, remains nearly
constant (about 0.8 cm) in the constant depth region and starts to climb from x = 14 m
up to x = 17.2 m. Again, the spatial and temporal analyses yield results in close
agreement.
For comparison, the predicted reflected wave amplitude accounting for shoaling,
a,.(x)= a, Cc /C(x) (4.1)
is also shown in Figure 4-6 in which a,, and Cg, are the constant depth portion's
reflected wave amplitude and group velocity, respectively, and Cg (x) is the local group
velocity as in (3.11). The average of the constant depth portion's reflected wave
amplitude from x = 6.5 m to x = 8.75 m, ar = 0.80 cm, is taken as the base for the
amplitude prediction on the slope. Cg, is equal to 174 cm/s as previously presented in
this chapter. Although some discrepancy between a, (x) and measurements is noticed on
the slope, the predicted and measured values on the slope differ no more than about 15%,
which is considered acceptable.
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Figure 4-6 Cross-shore variation of reflected wave amplitude
Figure 4-7 shows the variation of reflection coefficients. Ideally, the reflection coefficient
R = a, (x)/a, (x) = a, (x)/ai, (x) = 0.67 = constant since shoaling affects the incident
wave a. and reflected wave a, in the same manner. With the incident and reflected wave
amplitudes resolved from spatial and temporal analyses being close to each other,
respectively, the good agreement of reflection coefficients from both analyses is therefore
expected. Despite the variability, the reflection coefficient remains nearly constant
around 0.7, which as anticipated is close to unity. Full reflection is not expected because
of the friction introduced by the rubbles on the reflecting structure as discussed
previously in this chapter. However, the value of 0.7 is surprisingly low and it is
conceivable that leakage around the slope may have contributed to the small value of R.
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Figure 4-7 Cross-shore variation of reflection coefficient
4.3 Breaking wave experimental results
In the breaking wave experiments, the wave period is 2.03 seconds and the water depth in
the constant depth region is 46 cm. The breaking of the waves occurred visually around
x = 11.8 m and the breaker can be classified as the spilling type. The breakers tend to
overshoot and are more violent than those in the no-structure experiments because of the
considerable reflection. With reflection clearly evident, the incident wave height in the
constant depth region is about 20 cm, which is about the same as the value for the no-wall
breaking wave experiments. Therefore, the results here should be directly comparable
with the no-wall breaking result. The measurements were taken at the same locations as
in the non-breaking wave experiments. At each station, a three-minute record of both
surface displacement and velocity was taken.
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4.3.1 Wave records and frequency spectra
The wave records are quite periodic although the waves are non-linear. It is of interest to
examine the surface displacement and horizontal velocity immediately after the break
point, which is from x = 12.2 m (right after breaking) and shown in Figure 4-8.
Figure 4-8 (a) depicts the time series of the surface displacement, from which periodicity
is obviously seen. However, there are other frequency components contained in the
record, as we can see from the spectrum (b). Similar phenomena are present in the
horizontal velocity record (c) and the corresponding spectrum (d). It is, however, noticed
that the first harmonics dominate higher harmonics, with the first to second harmonic
ratio being greater than 2.
4.3.2 Cross-shore variation of wave amplitude and velocity
Figure 4-9 shows the variation of several representative values of wave amplitude, Al,
A, Ar , which are defined as in the non-breaking wave experiments and the
experiments without a wall. Figure 4-10 shows the variation of horizontal velocities, U1,
Ue and Uw, which are the corresponding values to A, , A, and Ar *
It is noted that all the representative amplitudes in Figure 4-9 are close to one another,
within a difference of 10% to 15%. It is seen from the figure that the average of the wave
amplitude starts dropping around x = 12 m, in agreement with the observed break point
x = 11.8 m.
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Figure 4-8 Wave records and frequency spectra at x = 12.2 m, right after breaking; (a)
surface displacement, (b) surface amplitude spectrum, (c) horizontal velocity record, (d)
velocity amplitude spectrum. Note: only the first 96 points are shown in the spectra.
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rThe incident wave amplitude accounting for shoaling, a, (x), is predicted using (3.11)
and shown in Figure 4-9, with the constant depth portion's incident wave amplitude being
the average obtained from temporal analysis (Section 2.2.1) within the beat length from
x = 6 m to x = 8 m, i.e., ai = 9.54 cm. Given the wave period T = 2.03 s and the still
water depth in the constant depth region h, = 46 cm, linear theory gives the group
velocity CgC = 169 cm/s and wave length L = 398 cm. Thus, the incident waves
correspond to U = HL2 / h3 = 32, i.e., quite nonlinear. C gc and ai are then used in (3.11)
to calculated the incident wave amplitude on the slope due to shoaling.
The clear waviness of A, throughout the wave channel is strong evidence of reflection,
with the average remaining nearly constant in the constant depth region, increasing on the
slope and then dropping after the break point. The maximum wave amplitudes in Figure
4-9 appears around x = 6 m, x = 8 m and x = 10 m, and these locations correspond to
minimum horizontal velocity amplitudes in Figure 4-10. An estimate of reflection
coefficient in the constant depth region can be made by taking the segment of the Al
curve between x = 6 m and x = 8 m, that is R = m ni" = = 24%.
(A)nMX +(A) n- 12.0 +7.4
This value is considerably lower than what we expected from the highly reflective
vertical seawall.
The predicted incident wave set-down/up calculated using (3.13), before the break point,
and (3.14), after the break point, also agrees well with the measurements. After the break
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point, the three lines with different $ values are drawn for comparison (see 3.14). It
appears that the best $ value is about 0.8.
Figure 4-10 shows the horizontal velocity variation, with the same symbols as in the non-
breaking wave experiments presented previously in this chapter and for the no-structure
breaking wave experiments presented in Chapter 3. Again, the first harmonic velocity U1
is fairly close to the energy velocity amplitude Ue and record velocity amplitude U,
while in the surf zone, U,, still close to and Ue , deviates from U. The velocity
amplitudes all tend to drop at x = 12 m, similar to the wave amplitudes variation and
visual observation of the break point. For comparison, the predicted incident wave
horizontal velocity calculated by (3.12), ui (x), is also shown in the figure.
The predicted incident wave return current Uret obtained from (3.2) is in general
agreement with the measurements up to the break point. It is interesting to notice that
there is a transition region from x = 12 m to x = 13.75 m after the break point, followed
by a developed undertow reaching -26 cm/s at x = 14.5 m and back to about -7.5 cm/s
beyond x = 16.0 m. This behavior, seen in Figure 4-10, is very similar to the behavior of
the return current observed in the no-wall breaking wave experiments shown in Figure 3-
6.
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4.3.3 Cross-shore variation of incident and reflected wave
characteristics
Figure 4-11 shows the spatial curve fitting of the first harmonic wave amplitude in which
the circles stand for the measurements with the solid line being the prediction.
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Figure 4-11 Spatial curve fitting of the first harmonic wave amplitude
The variation of incident wave amplitudes resolved from temporal and spatial analyses,
described in Sections 2.2.1 and 2.2.2 respectively, is shown in Figure 4-12. For
comparison, the predicted incident wave amplitude and the first harmonic incident wave
amplitude, dotted trend line, and the predicted a, (x) are also shown in the figure.
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Figure 4-12 Cross-shore variation of incident wave amplitude
The temporal and spatial analyses are in excellent agreement in Figure 4-12. They both
decay gently in the constant depth region, then increase on the slope, start dropping
sharply from x = 12.0 m to x = 14.0 m, and decay more gently again beyond x = 14.0
m. This general behavior is also seen in Figure 3-7 of Chapter 3 for the no-structure
experiments.
The still water depth is 14.8 cm at the last antinode of the measurement (x = 16.6 m),
corresponding to a beat length of 1.23 m given the wave period of 2.03 s. The still water
depth at the seawall (x = 17.8 m) is 11.0 cm which corresponds to a beat length of 1.04
m. Therefore, the next antinode following the one at x = 16.6 m should be located
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between x = 17.66 m and x = 17.83 m, which is in good agreement with the anticipation
that an antinode should be located at the seawall (x = 17.8 m).
The reflected wave amplitude variation in Figure 4-13 shows organized waviness
demonstrated by the dotted line, the beat length being half the incident wave length again.
The spatial results are somewhat larger than those obtained from temporal analysis,
although they are close. The reflected waves beyond the break point do not appear to
differ very much from those before breaking, with the mean shifting slightly downward
and the amplitude increasing a little, probably due to increased nonlinearity of the waves.
At x = 17.2 m, the Ursell number associated with the reflected wave is U = H,1 /h 3
45 with reflected wave height H, = 2.8 cm, wave length L = 242 cm and the water
depth h = 15.2 cm.
For comparison, the predicted reflected wave amplitude accounting for shoaling, a, (x) is
predicted using (4.1) and shown in Figure 4-13, with the constant depth portion's
reflected wave amplitude being the average obtained from temporal analysis within the
beat length from x = 6 m to x = 8 m, i.e., ar = 1.98 cm. Given the wave period T =
2.03 s and the still water depth in the constant depth region h = 46 cm, linear theory
gives the group velocity in the constant depth region Cg, = 169 cm/s. Cg and a are
then used in (4.1) to calculate the reflected wave amplitude due to shoaling.
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Figure 4-14 Cross-shore variation of reflection coefficients
It is of interest to examine the variation of reflection coefficients which is shown in
Figure 4-14. Despite the waviness of temporal results, they agree well with those
obtained from the spatial analysis. The reflection coefficient fluctuates around 0.2 in the
constant depth region up to the break point, where it starts to increase dramatically to
about 0.65 at x = 17.2 m which is near the seawall located at x = 17.8 m. It is noticed
that this value of the reflection coefficient immediately in front of the wall is close to the
value obtained for non-breaking waves shown in Figure 4-7 (R ~ 0.7). The increase in
reflection coefficient is largely due to the dramatic drop of incident wave height beyond
the break point, as seen in Figure 4-12, and the near-constancy of the reflected wave
amplitude, shown in Figure 4-13.
In Figure 4-14, the last antinode of the measurement is located at x = 16.75 m, 1.05 m
away from the seawall. This value is in good agreement with the beat length (1.04 m) at
the seawall, as discussed previously in this chapter.
4.3.4 Behavior after breaking
It is of importance to examine the behavior of incident and reflected waves after
breaking. The incident wave height (denoted by circles), along with the still water depth
(denoted by squares) and still water depth plus set-up (denoted by triangles) is shown in
Figure 4-15 where the full symbols are the values well beyond the break point (x > 14.5
m) and the straight lines are the linear best fit to these values. The still water level
intersects the beach at x = 21.29 m with R 2 = 0.998. It should be noticed that this
intersection is not equal to the value (22.56 m) in the no-structure experiment because of
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the slightly different water depth in the constant depth region. The difference in hC is 4
cm and the slope is 1 on 30. The difference in still water level intersection with the slope
should therefore be Ax = 4-30 = 120 cm, as observed. The intersections of the mean
water level and the incident wave height with be beach are located at x = 23.20 m (R2
0.989) and x = 22.60 m (R 2 = 0.810), respectively. Again, these two locations shift
seaward by similar amount (0.90 m and 0.73 m, respectively) due to the slight difference
in water depth in the constant depth region, compared with the corresponding values in
the no-structure experiments in which the mean water level intersection is located at x =
24.10 m and the incident wave height intersection is located at x = 23.33 m. The "rule"
is still reasonable that the wave height varies linearly with water depth beyond breaking.
50
40-|
325-
320-
2 25.0
020
0.00 0100000.
0O0000 0
S15
25 5.0 T5 10,0 12,5 150 17,5 20.0 22,5 250
x (M)
Figure 4-15 Variation of incident wave height and water depth; the triangles stand for still
water depth plus set-up h, = h + AO; the squares being the still water depth h; the circles
the incident first harmonic wave height Hil ; and the full symbols for data well beyond
the break point (x > 14.5 m)
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Like we did in Chapter 3, we establish a horizontal axis, " X ", with zero at x = 23.20 m,
the intersection of total water level and the beach, and positive direction seaward, i.e.,
X = 23.20 -x . The X -axis is then non-dimensionalized by the position of the visually
observed breaking point X B = 11.4 m. The total first harmonic wave height H, , the
energy wave height H,, the RSS wave height, HRSS , defined by (3.5), and the record
wave height Hw normalized by total water depth are plotted in Figure 4-16 for
comparison.
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Figure 4-16 Variation of wave height non-dimensionalized by total water depth h,
All the H / h, curves exhibit organized waviness. It is noticed that the waves broke at x
= 11.8 m, an antinode, which is in agreement with the incident wave amplitude data
suggestion of breaking (see also Figure 4-12) and the visual observation during the
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experiment. At the break point, (H,,, Ih,)B (subscript "B" denoting breaking point) gives
a maximum value of 0.87, whereas (He /h,)B, (Hl/h,)B and (Hl /h,)B are 0.78, 0.72
and 0.58, respectively. All these values are higher than those obtained in the no-wall
experiments presented in Chapter 3 in which (H.r /h,)B = 0.85, (H, /h,)B = 0.61,
(H /h,)B = 0.49 and (Hi1 /h,)B = 0.48. The predicted non-dimensional incident wave
height (Hi(x)Ih,)B = 0.68 with Hi(x)B 2ai (x)B = 20.4 cm (see Figure 4-9). However,
when the average of high value at breaking and the subsequent low value is taken,
(Hwr /h+)B, (H, /h+)B, (H /h+)B and (H, / h+)B give 0.86, 0.64, 0.57 and 0.54,
respectively. Compared with the no-wall experiments, they are in general agreement. The
average lines of all H / h, curves start to decay beyond breaking and remain essentially
constant with (Hi, /h+)B+ = 0.34, (H /h+)B+ = 0.39, (H, /h+)B+ = 0.43 and (Hr /h+)B+
= 0.69 where the subscript "B+" denotes the data well beyond breaking, i.e., X / XB
0.75. They are in good agreement with no-structure experiments (except non-dimensional
record wave height) in which (H 1 / h,)B+ = 0.36, (H /h+)B+ = 0.39, (H, / h+)B+ = 0.44
and (Hr I h)B+ = 0.56.
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Figure 4-17 Wave height variation with water depth
In Figure 4-17, the horizontal axis is the total water depth non-dimensionalized by that of
the breaking point h+B = 30.1 cm at XB = 11.8 m. The error bars on H,, /h, show the
standard deviation. In the surf zone, the wave record is somewhat difficult to measure as
discussed in Section 3.2 and this is reflected in the relatively large variability of the
Hwr /h, values beyond breaking, i.e., when h, /h, < 1. The average non-dimensional
incident wave height, after reaching a maximum of 0.58, tends to decay sharply and then
remain nearly constant at 0.34 within a beat length despite the waviness caused by high
reflection.
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4.3.5 Comparison with lower wave height experiments
For comparison, two other experiments with lower wave height (incident wave height
being about 16 cm) were made and the incident and reflected wave characteristics are
shown in Appendix B. In experiment #1, the still water depth in the constant depth region
was 47.7 cm with wave period of 2.03 seconds and the waves broke visually at x = 12 m.
while in experiment #2, the still water depth in the constant depth region was 46.1 cm
with wave period of 2.07 seconds and the waves broke visually at x = 11.8 m. The water
depths in the constant depth portion, the wave periods and the visually observed break
points are all close to the higher wave experiment presented previously. The temporal
(Section 2.2.1) and spatial (Section 2.2.2) analyses give results in close agreement for
incident wave amplitude A,, reflected wave amplitude A, and reflection coefficient R,
therefore in the following comparison, only the results obtained from experiment #1 is
presented as the lower waves. The incident wave amplitude A decays in the constant
depth region, then increases on the slope, drops dramatically after breaking followed by
the a gentle decay. The reflection coefficient fluctuates around a constant of 0.27 in the
constant depth region and increases beyond the break point, reaching about 0.75 at x =
17.2 m. All these phenomena are similar to the higher wave experiments with incident
wave height being about 20 cm (see Figure 3-7).
This similarity can also be seen from a direct comparison of the incident wave amplitude
resolved from temporal analysis (Section 2.2.1), Figure 4-18. As seen from Figure 4-18,
the incident wave amplitude obtained from temporal analysis has the same behavior
beyond breaking in the higher and lower wave experiments, with an initial sharp decay
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followed by a gentle decay. The reflected wave amplitude and the reflection coefficients,
presented in Figures 4-19 and 4-20, respectively, also show the similar variation. The
latter fluctuates around a constant of 0.27 and increases dramatically to about 0.7 near the
seawall which again agrees with the reflection coefficient obtained for non-breaking
waves. It is noticed that the reflected wave amplitude A, in Figure 4-19 is nearly the
same, i.e., independent of the incident wave amplitude in the constant depth region. This
similarity is also seen in the reflection coefficient's variation in Figure 4-20, where the
slightly larger values of R for the smaller incident wave height is caused by the smaller
incident wave amplitude A,.
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Figure 4-18 Comparison of incident wave amplitude from temporal analysis
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Figure 4-20 Comparison of reflection coefficient from temporal analysis
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Figure 4-21 Non-dimensional incident wave height variation around breaking
Figures 4-21 shows the variation of incident wave height non-dimensionalized by the
total water depth h,. The X -axis has the same meaning as previously described. At the
break point, H, / h, of the higher waves yields 0.58 whereas that of the lower waves is
0.49. However, they behave close beyond breaking, fluctuating around 0.34.
4.3.6 Comparison with experimental results in the absence of highly
reflecting structures
The purpose of the experiments is to investigate the potential influence of a highly
reflecting seawall in the surf zone on the dissipation of incident wave energy after
breaking. It is therefore of particular interest to compare the breaking wave results in the
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presence of a vertical wall with those obtained in the absence of highly reflective
structures, presented in Chapter 3.
The incident wave amplitudes resolved from no-seawall experiments are plotted in Figure
4-22 together with the vertical-wall experimental results. In the no-wall experiments, the
waves broke visually at x = 13.1 m, however, the incident wave amplitude appeared to
start decaying at 12.2 m which is before the visually observed break point. The waves in
the presence of a vertical wall broke visually at x = 11.8 m, which coincides with the
point where A begins to drop. It is noticed that the two curves have the same trend, i.e.,
both decaying dramatically around x = 12.0 m and then decreasing gently beyond x =
15 m. Therefore, the incident waves do not appear to be significantly affected by the
presence of a highly reflective structure.
The comparison of non-dimensional incident wave height in the no-seawall and in the
vertical-wall experiments is shown in Figures 4-23. Note that the "break point" in the no-
wall experiment is "corrected" to x = 13.6 m as in Figures 3-12 and 3-13. At the break
point, the non-dimensional incident wave height is 0.52 (no-wall) and 0.58 (vertical-
wall), respectively. It is of importance to note that the behavior of the two curves beyond
the break point show the same trends, both fluctuating around 0.34.
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Through the comparison of incident wave height obtained from the no-seawall breaking
wave and vertical-seawall breaking wave experiments, we do not see strong evidence that
incident waves after breaking are affected significantly by the presence of a vertical
seawall. From the comparison of reflected wave heights obtained from non-breaking and
breaking wave experiments in the presence of a vertical seawall, we furthermore
conclude that the reflected wave is not affected by the seawall, either, i.e., the reflected
waves do not appear to lose energy as they travel seaward from the seawall whether they
pass through a surf zone or not on their way.
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Chapter 5
Experimental Results in the Presence of Sloped
Seawalls
5.1 Overview of experiments
Two sets of experiments, one with non-breaking waves and the other with breaking
waves, were carried out in the presence of a 1 on 1.5 sloped seawall, whose toe is located
at x = 17.8 m. As described in Chapter 2, the 1 on 10 beach slope starts from x = 9.5 m
and ends at x = 10.6 m, beyond which point the beach slope is 1 on 30. The non-
breaking wave experiments provide the reflection coefficient of the reflective structure,
whereas the breaking wave experiments give the incident and reflected wave
characteristics due to breaking, which is the goal of the present research. In both
experiments, the wave maker was run 15 minutes in order for stationarity to be
established before measurements were taken. The experimental results are shown in the
following sections 5.2 (non-breaking waves) and 5.3 (breaking waves), respectively.
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5.2 Non-breaking wave experimental results
In the non-breaking wave experiments, the wave period was 2.03 seconds and the water
depth in the constant depth region was 51.0 cm. The wave height was kept small
(incident wave height being roughly 5.5 cm) so that the waves did not break at any point
along the flume. A three-minute record of both water surface displacement and velocity
was taken at 77 locations from x = 5.0 to x = 17.2 m. The measuring interval in the
constant depth region was 25 cm, while it shortened to 20 cm on the slope, and 15 cm
near the toe of the seawall, respectively. Because the friction introduced by the rubble
glued to the seaward side of the reflective structure dissipates a small portion of wave
energy, we would expect a reflection coefficient to be less than but close to unity.
5.2.1 Wave records and frequency spectra
The wave record is very periodic throughout the wave channel, even on the slope and
near the toe of the structure although the waves are quite non-linear. The wave records
and frequency spectra shown in Figure 5-1 are from the x = 15.7 m which is on the 1 on
30 slope. The periodicity is obvious in both surface profile and velocity record, with each
wave being virtually identical to its neighbors. The surface displacement (b) and
horizontal velocity (d) spectra show that the first harmonic is dominant over higher
harmonics.
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Figure 5-1 Wave records and frequency spectra at x = 15.7 m; (a) surface displacement
record rj(t), (b) surface displacement spectrum, (c) horizontal velocity record u(t), (d)
horizontal velocity spectrum. Note: only the first 74 points are shown in the spectra.
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We also see from the zero th harmonics in (b) and (d), i.e., twice the mean of ri (t) and
u(t), that the wave set-down and return current are both very small which is also
reflected in the wave records (a) and (c), respectively. The incident wave height at x =
15.7 m is H = 5.3 cm, calculated using the temporal analysis presented in Section 2.2.1.
Given T = 2.03 s and h = 22.4 cm, linear wave theory gives kh = 0.49 and the second
order Stokes wave theory (3.2) gives an incident wave return current of -1.5 cm/s. The
predicted wave set-down calculated by (3.13) is -0.09 cm. Both values are in good
agreement with our observation from (b) and (d).
5.2.2 Cross-shore variation of wave characteristics
Figure 5-2 shows the variation of wave amplitudes in which AO is the wave set-down/set-
up, A is the first harmonic wave amplitude and A, is the record wave amplitude. Figure
5-3 shows the variation of horizontal velocities in which UO is the return current, U and
Uw are the corresponding values to A and Ar, respectively.
As A is close to A, which can also be seen from the spectrum in Figure 5-1 (b), only the
first harmonic wave amplitude A, is shown in Figure 5-2 along with the record wave
amplitude Awr (otherwise A, will overlap A1). Similarly, only U, is shown together
with Ur in Figure 5-3.
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Figure 5-3 Cross-shore variation of horizontal velocities
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The clear waviness of A throughout the wave channel is strong evidence of reflection,
with the average remaining nearly constant in the constant depth region and increasing
slightly on the slope. The maximum wave amplitude in Figure 5-2 appears around x = 6
m, x = 8.25 m and x = 10.2 m, and these locations correspond to minimum velocity
amplitude in Figure 5-3. An estimate of reflection coefficient in the constant depth region
can be made by taking the segment of the A, curve between x = 6 m and x = 8.25 m,
that is R ~ (A-) -(Al)mi _ 4.9 -0.8 = 72%.
(A)max +(A,)mi 4.9+0.8
For comparison, the incident wave amplitude accounting for shoaling, a (x), is predicted
using (3.11) and shown in Figure 5-2, with the constant depth portion's incident wave
amplitude being the average obtained from temporal analysis (Section 2.2.1) within the
beat length from x = 6 m to x = 8.25 m, i.e., aic = 2.7 cm. Given the wave period T =
2.03 s and the still water depth in the constant depth region h, = 51 cm, linear theory
gives the group velocity in the constant depth region Cgc = 174 cm/s. Given the still
water depth h = 51 cm in the constant depth region and wave period T = 2.03 s, linear
wave theory gives the wave length L = 416 cm. The Ursell parameter is then
U = HL2 / h3 = 7.0, indicating that linear theory is applicable. Cgc and aic are then used
in (3.11) to calculated the incident wave amplitude on the slope due to shoaling. The
corresponding horizontal velocity amplitude u1(x) is calculated using (3.12) and shown
in Figure 5-3. Seen from Figure 5-2, a (x) is virtually in the center of the A, curve,
however, ui (x) appears to be slightly higher than the average line of U, in Figure 5-3.
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Obtained from (3.13), the predicted incident wave set-down is also shown in Figure 5-2,
which is fairly close to the measured values despite the small undulation of A0 caused by
reflection. The predicted incident wave return current U,, obtained from (3.2) is shown
in Figure 5-3. Again, the predicted and measured values are in good agreement in the
constant depth region and a larger discrepancy appears on the 1 on 30 slope, which starts
at x = 11.4 m, with a reflection-associated waviness of the measured values.
As the first harmonic component is dominant over the higher harmonics, we only use the
first harmonic components in the following temporal and spatial analyses (described in
Sections 2.2.1 and 2.2.2, respectively) to resolve the incident and reflected wave
characteristics and these results are presented in Section 5.2.3.
5.2.3 Cross-shore variation of incident and reflected wave
characteristics and reflection coefficient
Figure 5-4 shows the spatial curve fitting of the first harmonic wave amplitude variation,
in which the circles in the figure stand for the measured values and the solid line is the
fitted curve obtained using the methodology presented in Section 2.2.2.
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Figure 5-4 Spatial curve fitting of first harmonic wave amplitude
The resolved incident and reflected wave amplitudes from temporal (Section 2.2. 1) and
spatial (Section 2.2.2) analyses are shown in Figures 5-5 and 5-6, respectively. For
comparison, the predicted wave amplitude accounting for pure shoaling, a, (x), and the
first harmonic wave amplitude, A,, indicated by the faint dotted line, are also shown in
Figure 5-5.
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Figure 5-5 Cross-shore variation of incident wave amplitude
It is noticed that the incident wave amplitudes resolved from spatial analysis and
temporal analysis are in excellent agreement, both decaying very slightly in the constant
depth region and then increasing gently on the slope. The spatial line (denoted by "*") is
obvious in the center of A curve, which is expected.
The reflected wave amplitude (Figure 5-6), despite the variability, remains nearly
constant (about 2.2 cm) in the constant depth region and starts to climb from x = 10 m
up to x = 17.2 m. Again, the spatial and temporal analyses yield results in close
agreement.
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For comparison, the predicted reflected wave amplitude accounting for shoaling, a,(x),
obtained from (4.1), is also shown in Figure 5-6. The average of constant depth portion's
reflected wave amplitude from x = 6 m to x = 8.25 m, arc = 2.1 cm, is taken as the basis
for the amplitude prediction on the slope. Cgc is equal to 174 cm/s as previously
presented in this chapter. It is noticed that the predicted and measured values are in
general agreement.
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Figure 5-6 Cross-shore variation of reflected wave amplitude
Figure 5-7 shows the variation of reflection coefficients. Ideally, the reflection coefficient
R = a, (x)/ai (x) = a, (x)/ai, (x) = 0.78 = constant since shoaling affects the incident
wave al and reflected wave ar in the same manner. With the incident and reflected wave
amplitudes resolved from spatial and temporal analyses being close to each other,
respectively, the good agreement of reflection coefficients from both analyses is therefore
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expected. Despite the variability, the reflection coefficient remains nearly constant
around 0.78, which as anticipated is close to unity because of the relative long wave. It is
noticed that the reflection coefficient is larger that the one obtained in the vertical wall
experiments (see Figure 4-7). A possible explanation is that the sloping wall was better
sealed around the edges than the vertical wall.
4 6 8 10 12
x(m)
A Temporal analysis
x Spatial analysis
14 16 18
Figure 5-7 Cross-shore variation of reflection coefficient
5.3 Breaking wave experimental results
In the breaking wave experiments, the wave period is 2.05 seconds and the water depth in
the constant depth region is 50 cm. The breaking of the waves occurred visually around
x = 11.8 m and the breaker can be classified as the spilling type. The breakers tend to
overshoot and are more violent than those in the no-structure experiments because of the
considerable reflection. With reflection clearly evident, the incident wave height in the
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constant depth region is about 19 cm, which is nearly the same as the value for the no-
wall and vertical wall breaking wave experiments. Therefore, the results here should be
directly comparable with the no-wall and vertical wall breaking results. The
measurements were taken at the same locations as in the non-breaking wave experiments.
At each station, a three-minute record of both surface displacement and velocity was
taken.
5.3.1 Wave records and frequency spectra
The wave records are quite periodic although the waves are non-linear. It is of interest to
examine the surface displacement and horizontal velocity immediately after the break
point, which is from x = 12.4 m (right after breaking) and shown in Figure 5-8.
Figure 5-8 (a) depicts the time series of the surface displacement, from which periodicity
is obviously seen. However, there are other frequency components contained in the
record, as we can see from the spectrum (b). Similar phenomena are present in the
horizontal velocity record (c) and the corresponding spectrum (d). It is, however, noticed
that the first harmonics dominate higher harmonics, with the first to second harmonic
ratio being greater than 2.
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Figure 5-8 Wave records and frequency spectra at x = 12.4 m, right after breaking; (a)
surface displacement, (b) surface amplitude spectrum, (c) horizontal velocity record, (d)
velocity amplitude spectrum. Note: only the first 96 points are shown in the spectra.
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5.3.2 Cross-shore variation of wave amplitude and velocity
Figure 5-9 shows the variation of several representative values of wave amplitude, Al,
Ae, Awr which are defined as in the non-breaking wave experiments and the
experiments without a wall. Figure 5-10 shows the variation of horizontal velocities, U1,
Ue and U,. which are the corresponding values to A1 , A, and A.r. Note that the
sloping lines (denoted by "Wall") in Figures 5-9, 5-10 and the following figures signify
sloping-wall results, but do not represent the actual sloping wall. Only the starting point
at x = 17.8 m signifies the toe of the sloping wall.
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Figure 5-9 Cross-shore variation of wave amplitude. Note: the slope of the wall is not
scaled.
It is noted that all the representative amplitudes in Figure 5-9 are close to one another,
within a difference of 10% to 15%. It is seen from the figure that the average of the wave
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amplitude starts dropping around x = 12 m, in agreement with the observed break point
x = 11.8 m.
The incident wave amplitude accounting for shoaling, a, (x), is predicted using (3.11)
and shown in Figure 5-9, with the constant depth portion's incident wave amplitude being
the average obtained from temporal analysis (refer to Section 2.2.1) within the beat
length from x = 6 m to x = 8 m, i.e., a, = 9.3 cm. Given the wave period T = 2.05 s
and the still water depth in the constant depth region h, = 50 cm, linear theory gives the
group velocity Cgc = 173 cm/s and the wave length L = 418 cm. Thus, the incident
waves correspond to U = HL2 / h3 = 26, i.e., quite non-linear. Cgc and ai are then used
in (3.11) to calculate the incident wave amplitude on the slope due to shoaling.
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Figure 5-10 Cross-shore variation of horizontal velocity.
scaled.
Note: the slope of the wall is not
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The clear waviness of A throughout the wave channel is strong evidence of reflection,
with the average remaining nearly constant in the constant depth region, increasing on the
slope and then dropping after the break point. The maximum wave amplitude in Figure 5-
9 appears around x = 6 m, x = 8 m and x = 10 m, and these locations correspond to
minimum horizontal velocity amplitude in Figure 5-10. An estimate of reflection
coefficient in the constant depth region can be made by taking the segment of the Al
curve between x = 6 m and x = 8 m, that is R (ima, (A) r1~ - 11m77.0 = 25%.
(A)nm +(A)ag 11.7+7.0
This value is considerably lower than what we expected from the non-breaking wave
results for the 1 on 1.5 sloping wall.
The predicted incident wave set-down/up calculated using (3.13), before the break point,
and (3.14), after the break point, also agrees well with the measurements. After the break
point, the three lines with different P values are drawn for comparison (see 3.14). It
appears that the best $ value is 0.8.
Figure 5-10 shows the horizontal velocity variation, with the same symbols as in the non-
breaking wave experiments presented previously in this chapter and for the no-structure
and vertical wall breaking wave experiments presented in Chapters 3 and 4, respectively.
Again, the first harmonic velocity U1 is fairly close to the energy velocity amplitude Ue
and record velocity amplitude U,,, while in the surf zone, U,, still close to and Ue,
deviates from Uw,. The velocity amplitudes all tend to drop at x = 12 m, similar to the
wave amplitudes variation and visual observation of the break point. For comparison, the
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predicted incident wave horizontal velocity calculated by (3.12), ui (x), is also shown in
the figure.
The predicted incident wave return current U,,, obtained from (3.2) is in general
agreement with the measurements up to the break point. It is interesting to notice that
there is a transition region from x = 12 m to x = 14.5 m after the break point, followed
by a developed undertow reaching -20 cm/s at x = 14.5 m and back to about -10 cm/s
beyond x = 16.0 m. It is very similar to the return currents observed in the no-wall and
vertical wall experiments shown in Figures 3-6 and 4-10, respectively.
5.3.3 Cross-shore variation of incident and reflected wave
characteristics
Figure 5-11 shows the spatial curve fitting of the first harmonic wave amplitude in which
the circles stand for the measurements with the solid line being the prediction.
The variation of incident wave amplitudes resolved from temporal and spatial analyses,
described in Sections 2.2.1 and 2.2.2, respectively, is shown in Figure 5-12. For
comparison, the predicted incident wave amplitude and the first harmonic incident wave
amplitude, dotted trend line, and the predicted a, (x) are also shown in the figure.
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Figure 5-11 Spatial curve fitting of the first harmonic wave amplitude
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Figure 5-12 Cross-shore variation of incident wave amplitude. Note: the slope of the wall
is not scaled.
124
0
CY
V
The temporal and spatial analyses are in excellent agreement in Figure 5-12. They both
decay gently in the constant depth region, then remain constant on the slope, start
dropping sharply from x = 12.0 m to x = 14.2 m, and decay more gently again beyond
x = 14.2 m. This general behavior is also seen in Figure 3-7 for the no-structure
experiments and in Figure 4-12 for the vertical wall experiments.
The still water depth is 18.8 cm at the last antinode of the measurement (x = 16.6 m),
corresponding to a beat length of 1.35 m given the wave period of 2.05 s. The still water
depth at the seawall (x = 17.8 m) is 15.0 cm which corresponds to a beat length of 1.21
m. Therefore, the next antinode following the one at x = 16.6 m should be located
between x = 17.81 m and x = 17.95 m, which is in agreement with the anticipation that
an antinode should be located within the stretch of the seawall, that is, from x = 17.8 m
to x = 17.8 + 0.23 = 18.03 m (The value of 0.23 m, the projection length of the seawall
onto the x -axis, is obtained from the still water depth at the x = 17.8 m divided by the
slope, i.e., 15 cm /(1/1.5) = 22.5 cm = 0.23 m).
The reflected wave amplitude variation in Figure 5-13 shows organized waviness
demonstrated by the dotted line, the beat length being half the incident wave length again.
The spatial results are somewhat larger than those obtained from temporal analysis,
although they are fairly close. The reflected waves beyond the break point do not appear
to differ very much from those before breaking, with the mean remaining nearly
unchanged and the amplitude increasing a little, probably due to increased nonlinearity of
the waves. At x = 17.2 m, the Ursell number associated with the reflected wave is
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U = H,. /h 3 = 38.3 with reflected wave height Hr = 2.8 cm, wave length L = 257 cm
and the water depth h = 16.9 cm.
For comparison, the predicted reflected wave amplitude accounting for shoaling, ar (x) is
predicted using (4.1) and shown in Figure 5-13, with the constant depth portion's
reflected wave amplitude being the average obtained from temporal analysis within the
beat length from x = 6 m to x = 8 m, i.e., arc = 2.1 cm. Given the wave period T = 2.05
s and the still water depth in the constant depth region h = 50 cm, linear theory gives the
group velocity in the constant depth region Cg, = 173 cm/s. Cgc and arc are then used in
(4.1) to calculate the reflected wave amplitude due to shoaling.
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Figure 5-13 Cross-shore variation of reflected wave amplitude. Note: the slope of the
wall is not scaled.
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Figure 5-14 Cross-shore variation of reflection coefficients. Note: the slope of the wall is
not scaled.
It is of interest to examine the variation of reflection coefficients which is shown in
Figure 5-14. Despite the waviness of temporal results, they agree well with those
obtained from the spatial analysis. The reflection coefficient fluctuates around 0.22 in the
constant depth region up to the break point, where it starts to increase dramatically to
about 0.56 at x = 17.2 m which is near the seawall located at x = 17.8 m. It is noted that
the reflection coefficient immediately in front of the wall varies around 0.7, which is
close to the value obtained from the non-breaking waves shown in Figure 5-7 (R ~
0.78). The increase in reflection coefficient is largely due to the dramatic drop of incident
wave height beyond the break point, as seen in Figure 5-12, and the near-constancy of the
reflected wave amplitude shown in Figure 5-13.
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In Figure 5-14, the last antinode of the measurement is located at x = 16.75 m, 1.17 m
away from the center of the seawall. This value is in general agreement with the beat
length (1.21 m) at the seawall, as discussed previously in this chapter.
5.3.4 Behavior after breaking
It is of importance to examine the behavior of incident and reflected waves after
breaking. The incident wave height (denoted by circles), along with the still water depth
(denoted by squares) and still water depth plus set-up (denoted by triangles) is shown in
Figure 5-15 where the full symbols are the values well beyond the break point (x > 14.5
m) and the straight lines are the linear best fit to these values. Since the constant depth
portion's water depth (50 cm) is the same as that in no-structure experiments, results here
should therefore be directly comparable for the still water level intersection, etc. The still
water level intersects the beach at x = 22.56 m with R 2 = 0.998. The intersections of the
mean water level and the incident wave height with be beach are located at x = 24.72 m
(R 2 = 0.989) and x = 23.40 m (R 2 = 0.824), respectively. These values are fairly close
to the no-structure results in which the still water level, the mean water level and the first
harmonic incident wave height intersect with the beach at x = 22.56 m, x = 22.41 m and
x = 23.33 m, respectively. The "rule" is still reasonable that the wave height varies
linearly with water depth beyond breaking.
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Figure 5-15 Variation of incident wave height and water depth; the triangles stand for still
water depth plus set-up h, = h + AO; the squares being the still water depth h; the circles
the incident first harmonic wave height H,,; and the full symbols for data well beyond
the break point (x > 14.5 m). Note: the slope of the wall is not scaled.
Like we did in Chapter 3, we now establish a horizontal axis, " X ", with zero at x =
24.72 m, the intersection of still water level and the beach, and positive direction
seaward, i.e., X = 24.72 - x. The X -axis is then non-dimensionalized by the position of
the visually observed breaking point X, = 12.92 m. The total first harmonic wave height
H1 , the energy wave height H,, and the record wave height H,,. normalized by total
water depth are plotted in Figure 5-16 for comparison.
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Figure 5-16 Variation of wave height non-dimensionalized by total water depth h,
All the H / h, curves exhibit organized waviness. It is noticed that the waves broke at x
= 11.8 m, an antinode, which is in agreement with the incident wave amplitude data
suggestion of breaking (see also Figure 5-12) and the visual observation during the
experiment. At the break point, (H,. / h+)B (subscript "B" denoting breaking point) gives
a maximum value of 0.83, whereas (He /h+)B, (HI /h+)B and (H 1 /h+),, are 0.69, 0.64
and 0.51, respectively. The predicted non-dimensional incident wave height (Hi(x)/h+)B
= 0.58 with H,(x)B. B2a(x) = 19.7 cm (see Figure 5-9). (H,. /h+)B and (Hi1 /h+)B are
fairly close to those values obtained from the no-wall experiments in which (H', /h+)B
0.85 and (H,1 /h+)B = 0.48 whereas (H, /h+)B and (H / h,)B appear to be greater than
those in the no-wall experiments in which (He /h+)B = 0.61 and (HI /h,)B = 0.49.
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However, at the break point, all of the non-dimensional representative wave amplitudes
obtained for the sloping wall are smaller than those obtained in the vertical wall breaking
wave experiments in which (Hw /h,)B = 0.87, (He /h,)B = 0.78, (H1 /h,)B = 0.72 and
(Hl / h,)B = 0.58.
When the average of high value at breaking and the subsequent low value is taken,
(Hwr /h+)B, (He /h+)B, (HI /h,)B and (Hi1 /h+)B give 0.68, 0.57, 0.51 and 0.50,
respectively. Compared with the no-wall experiments, they are in general agreement
except for (H,,. / h,)B. Again, they are smaller than the values obtained in the vertical
wall breaking wave experiments where the average (Hwr /h+)B, (He /h.)B, (HI /h+)B
and (Hal /h+)B give 0.86, 0.64, 0.57 and 0.54, respectively.
The average lines of all H / h, curves start to decay beyond breaking and remain
essentially constant with (Hil /h+)B+ = 0.31, (HI /h.)B+ = 0.31, (He /h,)B+= 0.38 and
(Hwr / h.)B+ = 0.57 where the subscript "B+" denotes the data well beyond breaking, i.e.,
X /XB < 0.76. They are close to the no-structure experimental results in which
(Hil / h)B+ = 0.36, (H, I h+)B+ = 0.39, (He h+)B+ =0.44 and (H,,. / h./)B+ = 0.56 and
the vertical-wall breaking wave experimental results in which (Hi1 / h,)B+ = 0.34,
(HI 1h+)B+ =0.39, (H e /h+)B+ =0.43 and (Hwr / h)B+ =0.69.
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Figure 5-17 Wave height variation with water depth
In Figure 5-17, the horizontal axis is the total water depth non-dimensionalized by that of
the breaking point h+B = 34.1 cm at XB = 11.8 m. The error bars on Hwr / h, show the
standard deviation. In the surf zone, the wave record is somewhat difficult to measure as
discussed in Section 3.2 and this is reflected in the relatively large variability of the
H wr /h values beyond breaking, i.e., when h, /h+B < 1. The average non-dimensional
incident wave height, after reaching a maximum of 0.52, tends to decay sharply and then
remain nearly constant at 0.31 within a beat length despite the waviness caused by high
reflection.
Another experiment with shallower water depth (38.6 cm in the constant depth region)
was also conducted and the results are presented in the Appendix C.
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5.3.5 Comparison with experimental results in the absence of highly
reflecting structures and in the presence of vertical seawalls
The purpose of the experiments is to investigate the potential influence of a highly
reflecting seawall in the surf zone on the dissipation of incident wave energy after
breaking. It is therefore of particular interest to compare the breaking wave results in the
presence of a sloped wall with those obtained in the absence of highly reflective
structures, presented in Chapter 3, and with the breaking wave results obtained in the
presence of a vertical seawalls, presented in Chapter 4.
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Figure 5-18 Comparison of incident wave amplitudes obtained from no-wall, vertical-
wall and sloped-wall experiments. Note: the toe of the sloped wall is located at the same
position as the vertical wall.
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The incident wave amplitudes resolved from no-seawall experiments are plotted in Figure
5-18 together with the sloping-wall and vertical-wall experimental results. In the no-wall
experiments, the waves broke visually at x = 13.1 m, however, the incident wave
amplitude appeared to start decaying at 11.8 m which is well before the visually observed
break point. The waves in the presence of a sloped wall and in the presence of a vertical
wall both broke visually at x = 11.8 m, which coincides with the point where A, begins
to drop. It is noticed that the three curves have the same trend, i.e., all decaying
dramatically around x = 12.0 m and then decreasing gently beyond x = 15 m. Therefore,
the incident waves do not appear to be significantly affected by the presence of a highly
reflective structure.
The comparison of non-dimensional incident wave height in the no-seawall, sloping-wall
and vertical-wall experiments is shown in Figures 5-19. Note that the "break point" in the
no-wall experiment is different from the definition described previously in Chapter 3. As
seen from Figure 3-7, the incident wave amplitude begins to drop at x = 11.8 m, which
coincides with the break points in the vertical-wall and sloping-wall experiments.
Therefore in the following analysis, the break point is adopted as the point where the
incident wave amplitude starts decaying. At the break point, the non-dimensional incident
wave height is 0.52 (no-wall), 0.52 (sloped-wall) and 0.58 (vertical-wall), respectively. It
is of importance to note that the behavior of the three curves beyond the break point
shows the same trends, decaying rapidly immediately after breaking and remaining
essentially constant well beyond the break point. The non-dimensional wave height
fluctuates around 0.36 for the no-wall experiments, 0.31 for the sloped-wall experiments
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and 0.34 for the vertical-wall experiments. The break point and the initial rapid decay
may not be in agreement, but once we get well within the surf zone, i.e., when H, / h,~
constant, the general agreement of the three curves is encouraging.
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Figure 5-19 Comparison of incident wave height variation near breaking
Through the comparison of incident wave heights obtained from the no-structure
breaking wave, sloping-wall breaking and vertical-wall breaking wave experiments, we
do not see strong evidence that incident waves after breaking are affected significantly by
the presence of a seawall. From the comparison of reflected wave heights obtained from
non-breaking and breaking wave experiments in the presence of a seawall, we
furthermore conclude that the reflected wave is not affected by the seawall, either, i.e.,
the reflected waves do not appear to lose energy as they travel seaward from the seawall
whether they pass through a surf zone or not on their way.
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Chapter 6
Conclusions
The purpose of this study is to investigate the potential influence of a highly reflecting
seawall in the surf zone on the dissipation of incident wave energy after breaking.
Therefore, sets of experiments were performed, in the absence of highly reflective
structures, in the presence of vertical seawalls and in the presence of sloping seawalls,
respectively. The no-structure breaking wave experiments provide baseline data of
incident wave energy dissipation. The non-breaking wave experiments in the presence of
vertical or sloping seawalls provide reflecting characteristics of the structure. The
incident wave characteristics, reflected wave characteristics and the reflection
coefficients resolved using linear theory from the breaking wave experiments in the
presence of seawalls are then used to compare with those obtained from the no-structure
breaking wave experiments and examine potential influence by the presence of seawalls.
For direct comparison, all the experiments were carried out under nearly the same wave
conditions, i.e., the constant depth portion's still water depth is 50 cm, wave period is
around 2.05 seconds and the incident wave height in the breaking wave experiments is
about 19 cm.
The predicted wave set-down/set-up calculated using the formulae (3.13) before wave
breaking and (3.14) after wave breaking (Svendsen and Jonsson, 1976) agrees reasonably
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well with the measurements. The parameter [ (ratio of wave height to water depth) in
(3.14) is about 0.8.
The predicted return current calculated by (3.2) also agrees well with the measurements.
It is noticed that there is a transition region after the break point. The absolute value of
return current increases to some point and then decreases again. This is the undertow
introduced by the breaking waves.
The experiments also demonstrated that different definition of representative wave
heights could yield different results for the breaking point and the breaking criterion.
Through the comparison of reflected wave height obtained from non-breaking and
breaking wave experiments in the presence of highly reflective seawalls, we conclude
that the reflected wave is not affected by the seawall, i.e., the reflected waves do not
appear to lose energy as they travel seaward from the seawall whether they pass through
a surf zone or not on their way.
After examining the behavior of the incident wave energy dissipation obtained from the
no-structure breaking waves, the vertical-wall breaking waves and the sloping-wall
breaking waves experiments, we noticed that the break point may not be in agreement
depending on the definition of breaking criterion, but the general behavior of the incident
wave height, non-dimensionalized by the total water depth, is very similar. The non-
dimensional incident wave height reaches a maximum of about 0.53 (predicted non-
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dimensional incident wave height accounting for shoaling being about 0.63) at the break
point, decays rapidly immediately after breaking up to about X / XB 0.8, then remains
nearly constant at about 0.34 (see Figure 5-19). Given the beach slope of 1 on 30, the
distance of initial rapid decay, 0.2XB, corresponds to 6 hB where hB is the water depth at
breaking. This is not in agreement with the model (Brown, 1996) that the incident wave
height varies linearly with the water depth immediately after breaking. The new model is
tentatively adopted for the incident wave energy dissipation and shown in Figure 6-1
together with the results obtained from the no-structure, vertical-wall and the sloping-
wall experiments.
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Figure 6-1 The incident wave energy dissipation model
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6.1 Proposed model
Although limited by our experimental ranges, e.g., spilling breakers and wave period, the
behavior of incident wave characteristics after breaking for the no-wall, vertical-wall and
sloping-wall experiments shows general agreement, from which we have developed a
tentative model of wave characteristics within the surf zone in the presence of highly
reflecting structures.
(a) Incident wave height up to breaking
The incident wave is shoaled using linear theory up to the point of breaking.
(b) Break point
The break point is defined as the location where the incident wave height predicted from
(a) is 0.63h , where h is the still water depth.
(c) Set-up
Outside surf zone, wave set-up is obtained from Equation (3.13). Set-up within the surf
zone is predicted from Equation (3.14) using $ = 0.8.
(d) Incident wave height immediately after breaking
The wave height to total water depth ratio varies from a value of 0.63 at breaking to a
value of 0.34 over a distance of approximately 6h+B where h+B is the total water depth at
the break point. This is a generalization of our results which showed the region of rapid
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decay to be of the order 0.2XB where XB is the surf zone width. It appears reasonable to
expect the development distance to be proportional to the wave height or water depth.
Thus, with the bottom slope in our experiments being approximately 1 on 30, the
development distance of 6hB would account for the effect of bottom slope.
(e) Incident wave in the fully developed surf zone
Beyond the transition region described in (d), the wave height to total water depth ratio
remains constant and equal to 0.34.
(f) Reflected wave at the structure
The incident wave height, H ,, at the structure, is predicted from the structure's location
within the surf zone using results of (e). With the reflection coefficient of the structure
being R , the reflected wave height at the structure is RH, = H, .
(g) Reflected wave characteristics
The reflected wave starting at the structure with H, = H,, obtained in (f) is shoaled using
linear theory into deeper waters to obtain H, (x).
(h) Prediction of wave orbital velocities
From knowledge of the incident (from (d) and (e)) and the reflected (from (f) and (g))
wave heights variation ( H (x) and H, (x)) with proper attention to their phase, the wave
orbital velocity variation can be predicted across the surf zone.
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(i) Prediction of radiation stress gradient and wave-induced current
For waves incident to the coastline at a small angle of incidence we believe that the
above-outlined model for wave characteristics may still be employed. This therefore
results in prediction of the local radiation stress gradient, which drives the longshore
wave-induced current. The bottom friction term's modification by the partially standing
wave characteristics seaward of the structure is also obtained. Finally, the mean on-off
shore wave-induced current may, up to the point of wave breaking, be predicted from the
mass transport return current expression, Equation (3.2). In the fully developed surf zone,
an undertow model, e.g., a modified version of the model by Meyer (1998), may be used
to predict the near-bottom mean velocity. For the transition region from the breakpoint to
the fully developed surf zone, a linear interpolation between these values is proposed.
The model proposed above is applied to the experiments conducted as part of this study
in Appendix D. Although there are some differences between the measured and predicted
breakpoint locations, the differences are very minor for the variations of the surface and
orbital velocity amplitudes across the surf zone. The overall comparison is very
encouraging.
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Appendix A
No-structure Experimental Results with Extensive
Measurements in the Surf Zone
A.1 Overview of experiments
An experiment in the absence of seawalls was carried out with extensive measurements in
the surf zone as mentioned in Chapter 3. The wave maker was run 10 minutes in order for
stationarity to be established before measurements were taken. The still water depth in
the constant depth region is 48.4 cm and the wave period is 2.05 seconds. The waves
broke visually at x = 13.15 m and the breakers can be classified as the spilling type. A
three-minute record of both water surface displacement and velocity was taken at 74
locations from x = 5.0 m to x = 18.8 m which was limited by the length of the ADV
cable. The measuring interval in the constant depth region was 25 cm, while it shortened
to 20 cm on the slope, and 15 cm near the toe of the seawall, respectively.
A.2 Experimental results
Figures A-I and A-2 show the variation of wave amplitudes and horizontal velocities,
respectively, with the same symbols used in Chapters 3, 4 and 5.
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Figure A-2 Cross-shore variation of horizontal velocities
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It is noticed that A, and A, start to decay at x = 13.15 m (a local maxima), which is in
agreement with the visually observed break point, whereas A,. reaches a maxima at x =
12.4 m, and U1 , Ue and U, appear to decay at x = 12.6 m.
The constant depth portion's (x < 9.5 m) waviness of amplitude variation of A,, Ae and
A,. is evidence of a small reflection. An estimate of reflection coefficient can be made
by taking the segment of the Ae curve between x = 6 m and x = 8 m and the reflection
coefficient is then R ~ (Ae)"x "(A " )r
(A, )ma +(Ae )n,
11.0 -10.5
= . 0 = 2.3% << 1, as one would
11.0+10.5
expect.
Given wave period T = 2.05 s, deep water wave length is I4 = gT2/2n = 6.6 m and the
group velocity is Cgo = gT/4n = 160.0 cm/s. With incident and reflected wave
amplitudes resolved from temporal analysis described in Section 2.2.1, the incident wave
amplitude in the constant depth region, aj, = 10.7 cm (subscript "c" denoting constant
depth), is taken as the average within the beat length from x = 6 m to x = 8 m. With still
water depth h = 48.4 cm, the group velocity Cgc = 171.8 cm/s in constant depth
portion. The deep water wave height is HO = HC CgC/CO = 23.8 cm where the incident
wave height Hic = 2aic = 21.4 cm/s. With tan a = 1/30 in our experiments, the parameter
B0 obtained by (3.9) turns out to be 32.5, indicating the breaker type of spilling, in
agreement with the observation of breaker type.
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With ai = 10.7 cm in the constant depth region, the incident wave amplitude due to
shoaling, a, (x) calculated by (3.11) and the incident wave horizontal velocity due to
shoaling, u,(x) calculated by (3.12), are also shown in Figures A-1 and A-2,
respectively, for comparison.
The predicted incident wave set-down/set-up, calculated using (3.13) with H = 2a, (x)
before breaking and (3.14) after breaking with = 0.8, agrees well with measurements
as seen in Figure A-1.
The predicted incident wave return current calculated using (3.2) with H = 2ai (x) is in
general agreement with the measurements up to the start of the slope where the two
values begin to deviate. The undertow created by breaking waves is clearly seen in the
region from x = 13.3 m to x = 16.0 m. There is a transition from x = 13.3 m to x =
14.65 m over which the undertow strengthens to reach its maximum value of about 21.8
cm/s in the seaward direction. Beyond this point the undertow decreases in strength as a
result of the decreased wave height.
The incident wave amplitude, A,obtained from the temporal analysis (Section 2.2.1) of
the first harmonic component, is shown in Figure A-3. For comparison the total first
harmonic amplitude A and the wave record amplitude A.,. are also presented in Figure
A-3. The A, curve is very close to A, which shows that the reflected waves are indeed
very small.
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Figure A-3 Cross-shore variation of incident wave amplitude
As seen in Figure A-3, the incident wave amplitude decay rapidly after breaking up to x
= 15.0 m, beyond which this decrease is more gentle. This behavior is very similar to the
behavior of incident wave amplitude shown in Figure 3-7.
Figures A-4 and A-5 depict the variation of the reflected wave amplitude and the
reflection coefficient obtained from the temporal analysis (Section 2.2.1). Again, the
organized waviness from the constant depth region to the break point shows up (see
dotted lines) as in Figures 3-8 and 3-9. The amplitude of A,, is roughly 0.4 cm, so with
Al ~ 11 cm, the reflection coefficient R ~ 3.6%, in reasonable agreement with the
value (2.3%) obtained from the raw data of A,. The small reflection coefficient in
constant depth region fluctuates by ± 0.03 around the mean value of 0.04, while this
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average goes up to 0.12 after wave breaking, largely due to the decrease in incident wave
amplitude and the near-constancy of the reflected wave amplitude.
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Figure A-5 Cross-shore variation of reflection coefficient
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Figure A-6 shows the variation of the still water depth h (squares), the total water depth
h, = h + AO (triangles) and the incident first harmonic wave height Hil (circles). The full
symbols stand for the data well beyond the break point (x > 15.1 m) and the straight
lines are the linear best fit to these values. The best fit lines intersect with the beach at x
= 22.05 m (R 2 = 0.998) for h, x = 23.61 m (R 2 = 0.998) for h, and x = 21.85 m (R 2
= 0.971). This is in general agreement with the "rule" that the ratio of wave height to the
water depth H /h is constant within the surf zone.
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Figure A-6 Variation of water depth and incident wave height
To make this point more clearly, Figures A-7 and A-8 show the variation of non-
dimensional wave height with X / XB and h, /h+B, respectively
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Figure A-7 Variation of wave height non-dimensionalized by total water depth h,
In Figure A-7, we establish a horizontal axis, "X ", with zero at x = 23.61 m, the
intersection of mean water level and the beach, and positive direction seaward, i.e.,
X = 23.61- x. The X -axis is then non-dimensionalized by the position of the visually
observed breaking point XB = 10.47 m(B = 13.15 m). The total first harmonic wave
height H, = 2A,, the energy wave height H, = 2A, and the wave record wave height
H. = 2Awr normalized by the total water depth h, are also plotted in Figure A-7 for
comparison.
It is obvious that all the H / h, curves climb to maxima as the visually observed break
point is approached. The values of H/h, in the vicinity of the break point are of definite
interest. If the record wave height H, is used for H , (H / h,)B = 0.95 is obtained at
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breaking, denoted by the subscript "B". This value is larger than the widely used criterion
of wave breaking, (H / h,)B = 0.8. However, non-dimensional energy wave height
(He /h,),, first harmonic total wave height (H / h,)B and first harmonic incident wave
height (Hi1 /h,)B give 0.67, 0.54 and 0.53, respectively, which all are substantially lower
than the commonly used value of 0.8 and slightly bigger than the results presented in
Chapter 3 where (He /h,)B = 0.61, (HI /h,)B = 0.49 and (H 1 /h,)B = 0.48. After the
break point, H,,. / h, drops dramatically and then remains approximately constant at a
value of H ,. /h_ = 0.56. He /h, , Hi /h, and Hil /h, all exhibit similar features to
Hwr / h, with near-constant values of 0.45, 0.39 and 0.35, respectively following an
initial drop after the break point. These values are virtually the same as the results
described in Chapter 3 where Hwr / h, 0.56, He! h, = 0.44, H, / h, 0.39, and
H1 1 h, _ 0.36 well beyond the break point. The behavior of the Hj /h, after break
point is in excellent agreement with our model of incident wave energy dissipation, i.e.,
the waves breaks when Hi1 /h, = 0.53, decays dramatically from X/XB = 1 to X/XB =
0.8, and remains essentially constant at Hal /h, = 0.35 (- 0.34).
In Figure A-8, the horizontal axis is the water depth non-dimensionalized by that of the
breaking point h+B =27.72cm at XB = 13.15 m. The solid circle on the Hw,/h+ curve is
plotted using the mean value of 10 successive wave heights obtained from the wave
record divided by the total water depth. The error bars show the standard deviation of
these 10 wave heights over total water depth. In the surf zone, the wave record is
somewhat difficult to measure as we discussed in the previous Section 3.2, and this is
153
reflected in the relatively large variability of the H,./h, values beyond breaking, i.e.,
when h, /h+B <1.0.
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Figure A-8 Variation of non-dimensional wave height with total water depth h,
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Appendix B
Experimental Results with Lower Wave Height in
the Presence of Vertical Seawalls
B.1 Overview of experiments
Two experiments with lower wave height (incident wave amplitude being about 8 cm)
were carried out in the presence of a vertical seawall located at x = 17.8 m as mentioned
in Chapter 4. In both experiments, the wave maker was run 15 minutes in order for
stationarity to be established before measurements were taken. A three-minute record of
both water surface displacement and velocity was taken at 77 locations from x = 5.0 to
x = 17.2 m. The measuring interval in the constant depth region was 25 cm, while it
shortened to 20 cm on the slope, and 15 cm near the toe of the seawall, respectively. The
experimental results are presented in the following sections B.2 (experiment #1) and B.3
(experiment #2), respectively.
B.2 Experiment #1
In experiment #1, the still water depth in the constant depth region is 47.7 cm and the
wave period is 2.03 seconds. The waves broke visually at x = 12 m and the breakers can
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be classified as the spilling type. Figures B-1, B-2 and B-3 show the variation of incident
wave amplitude, reflected wave amplitude and reflection coefficient with the same
symbols used in Chapter 4, obtained from temporal (Section 2.2.1) and spatial (Section
2.2.2) analyses, respectively.
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Figure B-i Cross-shore variation of incident wave amplitude
Again, the temporal and spatial analyses give results in close agreement for A., A, and
R. The incident wave amplitude A. decays in the constant depth region, then increases
on the slope, drops dramatically after breaking up to x = 15 m followed by a gentle
decay.
The still water depth is 16.0 cm at the last antinode of the measurement (x = 16.6 m),
corresponding to a beat length of 1.32 m given the wave period of 2.03 s. The still water
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depth at the seawall (x = 17.8 m) is 12.7 cm which corresponds to a beat length of 1.10
m. Therefore, the next antinode following the one at x = 16.6 m should be located
between x = 17.70 m and x = 17.92 m, which is in good agreement with the anticipation
that an antinode should be located at the seawall (x = 17.8 m).
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Figure B-2 Cross-shore variation of reflected wave amplitude
The reflected wave amplitude A, varies from 1.7 cm to 2.4 cm in the constant depth
region, and the average tends to increase on the slope. The reflection coefficient increases
beyond the break point, reaching about 0.75 near the structure. The increase in reflection
coefficient is largely due to the dramatic drop of incident wave height beyond the break
point, as seen in Figure B-1, and the near-constancy of the reflected wave amplitude,
shown in Figure B-2. In Figure B-2, the last antinode of the measurement is located at x
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1.05 m away from the seawall. This value is in general agreement with the
(1.10 m) at the seawall, as discussed previously in this section.
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Figure B-3 Cross-shore variation of reflection coefficient
Figure B-4 shows the variation of the first harmonic incident wave height Hi1 (denoted
by circles), along with the still water depth h (denoted by squares) and still water depth
plus set-up h, = h + AO (denoted by triangles). The full symbols are the values well
beyond the break point (x > 14.95 m) and the straight lines are the linear best fit to these
values. The still water level intersects the beach at x = 21.83 m with R2 = 0.998. The
intersections of the mean water level and the incident wave height with be beach are
located at x = 23.30 m (R 2 = 0.982) and x = 24.50 m (R 2 = 0.629), respectively. The
"rule" is still reasonable that the wave height varies linearly with water depth beyond
breaking.
158
50
C1
CL
0 1 i I- I l i ' i ' i
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
x (m)
Figure B-4 Variation of water depth and incident wave height
1.2-
1.0
0.8-
0.4
0.2
0.0-
--- Hi1/h+
---- H1/h+
-.o He/h+
- Hwr/h+
- Model
1.2 1.1 1.0 0.9 0.8 0.7 0.6 0.5
X/XB
Figure B-5 Variation of wave height non-dimensionalized by total water depth h+
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In Figure B-5, we establish a horizontal axis, " X ", with zero at x = 23.30 m, the
intersection of total water level and the beach, and positive direction seaward, i.e.,
X = 23.30 - x. The X -axis is then non-dimensionalized by the position of the visually
observed breaking point XB = 11.30 m. The total first harmonic wave height H, , the
energy wave height He and the record wave height H, normalized by total water depth
are plotted in Figure B-5 for comparison.
All the H / h, curves exhibit organized waviness. It is noticed that the waves broke at x
= 12.0 m, an antinode, which is in agreement with visual observation. At the break point,
(Hr I h,)B (subscript "B" denoting breaking point) gives a maximum value of 0.67,
whereas (He /h,)B , (H Ih+)B and (H 1 /h,)B are 0.64, 0.61 and 0.48, respectively.
However, when the average of high value at breaking and the subsequent low value is
taken, (H wr /h. )B (He /h. )B (H /h,)B and (H 1 /h. )B give 0.63, 0.54, 0.47 and 0.46,
respectively, close to the results except for (H / h,)B obtained from the no-structure
experiments in which (Hr / h,)B = 0.85, (He /h+)B = 0.61, (HI /h+)B = 0.49 and
(Hil Ih,)B = 0.48. The average lines of all H /h, curves start to decay beyond breaking
and remain essentially constant with (H, /h+)B+ = 0.35, (HI /h+)B+ = 0.39, (He /h+)B+ =
0.49 and (Hwr Ih+)B+ = 0.71 where the subscript "B+" denotes the data well beyond
breaking, i.e., X / XB <0.75. They are in good agreement with no-structure experiments
(except for (H ,r / h+)B+ ) in which (H 1 / h+)B+ = 0.36, (HI /h,)B+ = 0.39, (H /h+)B+
0.44 and (H r / h, )B+ = 0.56.
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It is noticed that the incident wave energy dissipation model presented in Chapter 6 is in
agreement with the measurements.
B.3 Experiment #2
In experiment #2, the still water depth in the constant depth region is 46.1 cm and the
wave period is 2.07 seconds. The waves broke visually at x = 11.8 m and the breakers
can be classified as the spilling type. Figures B-6, B-7 and B-8 show the variation of
incident wave amplitude, reflected wave amplitude and reflection coefficient, obtained
from temporal analysis (Section 2.2.1) and spatial analysis (Section 2.2.2), respectively.
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Figure B-6 Cross-shore variation of incident wave amplitude
Still, the temporal and spatial analyses give results in close agreement for A., A, and R.
The incident wave amplitude Ai decays in the constant depth region, then increases on
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the slope, drops dramatically after breaking up to x = 14 m followed by a gentle decay.
The still water depth is 14.4 cm at the last antinode of the measurement (x = 16.6 m),
corresponding to a beat length of 1.28 m given the wave period of 2.07 s. The still water
depth at the seawall (x = 17.8 m) is 11.1 cm which corresponds to a beat length of 0.86
m. Therefore, the next antinode following the one at x = 16.6 m should be located
between x = 17.46 m and x = 17.88 m, which is in good agreement with the anticipation
that an antinode should be located at the seawall (x = 17.8 m).
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Figure B-7 Cross-shore variation of reflected wave amplitude
The reflected wave amplitude A, varies from 1.2 cm to 2.0 cm in the constant depth
region, and the average tends to increase on the slope. The reflection coefficient increases
beyond the break point, reaching about 0.66 at x = 17.2 m. The increase in reflection
coefficient is largely due to the dramatic drop of incident wave height beyond the break
point, as seen in Figure B-1, and the near-constancy of the reflected wave amplitude,
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shown in Figure B-2. In Figure B-2, the last antinode of the measurement is located at x
= 16.75 m, 1.05 m away from the seawall. This value is in general agreement with the
beat length (0.86 m) at the seawall, as discussed previously in this section.
1.0
0.9
0.8
0.7
0.6
M 0.5
0.4
0.3
0.2
0.1
0.0
A Temporal analysis
x Spatial analysis
Wall
12 14 16 18
x (M)
Figure B-8 Cross-shore variation of reflection coefficient
Figure B-9 shows the variation of the first harmonic incident wave height Hi, (denoted
by circles), along with the still water depth h (denoted by squares) and still water depth
plus set-up h, = h + AO (denoted by triangles). The full symbols are the values well
beyond the break point (x > 14.5 m) and the straight lines are the linear best fit to these
values. The still water level intersects the beach at x = 21.71 m with R2 = 0.998. The
intersections of the mean water level and the incident wave height with be beach are
located at x = 23.06 m (R 2 = 0.992) and x = 22.21 m (R 2 = 0.872), respectively. The
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"rule" is still reasonable that the wave height varies linearly with water depth beyond
breaking.
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Figure B-9 Variation of water depth and incident wave height
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Figure B-10 Variation of wave height non-dimensionalized by total water depth h,
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In Figure B-10, we establish a horizontal axis, " X ", with zero at x = 23.06 m, the
intersection of total water level and the beach, and positive direction seaward, i.e.,
X = 23.06 - x. The X -axis is then non-dimensionalized by the position of the visually
observed breaking point XB = 11.26 m. The total first harmonic wave height H, , the
energy wave height He, the record wave height H,,. normalized by total water depth and
the incident wave energy dissipation model are plotted in Figure B-10 for comparison.
All the H / h, curves exhibit organized waviness. It is noticed that the waves broke at x
= 11.8 m, an antinode, which is in agreement with visual observation. At the break point,
(Hwr / h,)B (subscript "B" denoting breaking point) gives a maximum value of 0.71,
whereas (He /h,)B, (HI /h,)B and (H, 1 /h+)B are 0.64, 0.60 and 0.48, respectively.
However, when the average of high value at breaking and the subsequent low value is
taken, (Hwr /h+)B , (He /h+)B , (HI /h+)B and (Hll /h+)B give 0.69, 0.56, 0.49 and 0.48,
respectively, close to the results (except for (Hwr / h.)B) obtained from the no-structure
experiments in which (H,,r /h+)B = 0.85, (He /h+)B = 0.61, (HI /h,)B = 0.49 and
(H,1 / h.)B = 0.48. The average lines of all H / h, curves start to decay beyond breaking
and remain essentially constant with (Hi1 / h,)B+ = 0.39, (H / h,)B+ = 0.42, (He / h)B+
0.55 and (Hwr / h,)B+ = 0.80 where the subscript "B+" denotes the data well beyond
breaking, i.e., X / XB < 0.75. (Hl l/h)B+ and (HI /h)B+ are close to the no-structure
experimental results in which (Hil / h,)B+ = 0.36 and (HI / h,)B+ = 0.44, whereas
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(He /h+)B+ and (H, Ih, )B+ appear to be higher with (He / h)B+ = 0.44 and
(Hwr / h , )B+ = 0.56 in the no-structure experiments.
Again, the incident wave energy dissipation model is in general agreement with the
measurements.
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Appendix C
Sloping-wall Experimental Results with Shallower
Water Depth in the Constant Depth Region
C.1 Overview of experiments
A sloping-wall experiment with shallower water depth (38.6 cm) in the constant depth
region was conducted. The wave maker was run 10 minutes in order for stationarity to be
established before measurements were taken. The wave period was 2.05 seconds and the
waves broke visually at x = 10.8 m and the breakers can be classified as the spilling
type. A three-minute record of both water surface displacement and velocity was taken at
67 locations from x = 5.0 to x = 17.65 m. The measuring interval in the constant depth
region was 25 cm, while it shortened to 20 cm on the slope, and 15 cm near the toe of the
seawall, respectively. The experimental results are shown in the following section.
C.2 Experimental results
Figure C-I shows the wave records and frequency spectra from x = 12.0 m, within
breaking zone. It is noticed that the surface displacement and horizontal records are still
periodic even after breaking and the first harmonic is dominant over higher harmonics.
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Figure C-1 Wave records and frequency spectra at x = 12.0 m; (a) surface displacement
record; (b) surface displacement spectra; (c) horizontal velocity record; (d) horizontal
velocity spectra. Note: only first 72 points are shown in the frequency spectra.
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Figure C-2 shows the variation of first harmonic total wave amplitude and first harmonic
incident wave amplitude obtained from temporal analysis (Section 2.2.1). For comparison
the predicted incident wave amplitude accounting for shoaling with a, = 7.13 cm
(average of resolved incident wave amplitude within the beat length from x = 7.25 m to
x = 8.75 m) in the constant depth region is also shown in Figure C-2. Note that the
sloping line (denoted by "Wall") does not signify the actual sloping wall and only the
starting point at x = 17.8 m signifies the toe of the sloping wall. Because the shallower
water depth in the surf zone reached the measuring limit of ADV, only surface
displacement was measured beyond x = 12.0 m, where A ends in Figure C-2. As the
seawall is located well beyond the surf zone, a small reflection is expected.
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Figure C-2 Variation of first harmonic total and incident wave amplitudes
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Ai is very close to A, , indicating that the reflected waves are small. It is noticed that
there is a sharp decay around x = 11.0 m, in agreement with the visually observed break
point. Again, a gentle decay (x > 13.0 m) follows the sharp decay (from x = 11.0 m to
x = 13.0 m).
The first harmonic reflected wave amplitude and reflection
temporal analysis (Section 2.2.1) are shown in Figures C-3
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Figure C-3 Variation of reflected wave amplitude
The reflected wave amplitude and reflection coefficient show organized waviness (see
dotted lines) from the constant depth region to the break up. The reflected wave
amplitude is about 0.45 cm in the constant depth region, so with the incident wave
amplitude of about 7 cm, the reflection coefficient is about 0.64, which as anticipated is
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very small. Seen from Figure C-4, the constant depth region's reflection coefficient is
about 0.06, in agreement with the estimation.
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Figure C-4 Variation of reflection coefficient
Figure C-5 shows the variation of still water depth h (squares), total water depth h,
(triangles) and first harmonic total wave height H,. The full symbols in the figure stand
for the data well beyond the surf zone, i.e., x > 13 m and the straight lines are the linear
best fit to these values. The incident wave height Hi1 (total wave height H, used instead)
is not presented in the figure as in the previous chapters since the incident wave height
measurement ends at 12.0 m and HI is fairly close to Hi1 .
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The still water level intersects the beach at x = 18.95 m with R2 = 0.998. The
intersections of the mean water level and the total wave height with be beach are located
at x = 20.49 m (R 2 = 0.995) and x = 19.53 m (R 2 = 0.954), respectively. The "rule" is
still reasonable that the wave height varies linearly with water depth beyond breaking.
10.0 12.5 15.0 17.5 20.0 22.5
x (M)
Figure C-5 Variation of water depth and first harmonic total wave amplitude. Note: the
slope of the wall is not scaled.
In Figure C-6, we establish a horizontal axis, " X ", with zero at x = 20.49 m, the
intersection of mean water level and the beach, and positive direction seaward, i.e.,
X = 20.49 - x. The X -axis is then non-dimensionalized by the position of the visually
observed breaking point XB 9.69 m (xB = 10.8 m). The total first harmonic wave
height Hi = 2A and the first harmonic incident wave height Hl = 2AI, normalized by
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the total water depth h, , and the incident wave energy dissipation model are plotted in
Figure C-6 for comparison.
It is obvious that both Hi / h, and H,, / h, climb to maxima as the visually observed
break point is approached. The values of H/h+ in the vicinity of the break point are of
definite interest. (H, / h,)B and (Hil / h,)B (subscript "B" denoting the break point) give
0.48 and 0.44, respectively. After the break point, H, / h, drops dramatically and then
remains approximately constant at a value of Hi /h, ~ 0.26. The behavior of the H, /h,
after break point is similar to our model of incident wave energy dissipation, but the
initial decay distance and the constant well beyond the surf zone are not in agreement,
which needs further investigation.
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Figure C-6 Variation of wave height non-dimensionalized by total water depth h,
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Appendix D
Application of the Model
The model proposed in Chapter 6 is applied to the five experiments presented in the
Chapters 4, 5, Appendices B and C, respectively, and the results are presented in the
following sections.
D.1 Vertical-wall experiment with higher wave height
In the vertical-wall experiment discussed in Chapter 4, the still water depth in the
constant depth region is 46 cm, wave period is 2.03 seconds and the incident wave height
is about 19 cm. Given these initial conditions, the break point is predicted to be located at
x = 11.2 m, in fair agreement with the observed break point (x = 11.8 m). The gentle
decay of the incident wave height is predicted to start from x = 13.1 m. The predicted
incident wave height at the wall (x = 17.8 m) is 4.98 cm so the reflected wave height at
the structure is 0.7x4.98 = 3.49 cm. The wave number k is taken as the average within a
beat length. Figure D-1 shows the variation of the predicted wave amplitude. For
comparison, the measured first harmonic total wave amplitude A,, the energy amplitude
A, and the record wave amplitude Awr are also shown in the figure. Figure D-2 shows
the variation of predicted near-bottom orbital velocity. For comparison, the measured first
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harmonic total horizontal velocity Ulbm, the energy horizontal velocity amplitude Uebn
and the record horizontal velocity Urbm are also shown in the figure.
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Figure D-1 Predicted wave amplitude
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Figure D-2 Predicted near-bottom orbital horizontal velocity
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Seen from Figures D-1 and D-2, the predicted wave amplitude and the near-bottom
orbital velocity are in reasonably close agreement with the measurements, in particular
the locations of the nodes and the antinodes.
D.2 Vertical-wall experiment #1 with lower wave height
In the vertical-wall experiment #1 presented in the Appendix B, the still water depth in
the constant depth region is 47.7 cm, wave period is 2.03 s and the incident wave height
is about 14.7 cm. Given these initial conditions, the break point is predicted to be located
at x = 13.7 m, which is somewhat different than the observed break point (x = 12 m).
The gentle decay of the incident wave height is predicted to start from x = 15.2 m. The
predicted incident wave height at the wall (x = 17.8 m) is 5.05 cm so the reflected wave
height at the structure is 0.7x5.05 = 3.54 cm.
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Figure D-3 Predicted wave amplitude
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Figures D-3 and D-4 show the variation of the predicted wave amplitude and the
predicted near-bottom orbital velocity, respectively, with the same symbols used in
section D.1.
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Figure D-4 Predicted near-bottom orbital horizontal velocity
Again, the predicted wave amplitude and the near-bottom orbital velocity are in
reasonably close agreement with the measurements, in particular the locations of the
nodes and the antinodes.
D.3 Vertical-wall experiment #2 with lower wave height
In the vertical-wall experiment #2 presented in the Appendix B, the still water depth in
the constant depth region is 46.1 cm, wave period is 2.07 s and the incident wave height
is about 16 cm. Given these initial conditions, the break point is predicted to be located at
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x = 12.6 m, in fair agreement with the observed break point (x = 11.8 m). The gentle
decay of the incident wave height is predicted to start from x = 14.2 m. The predicted
incident wave height at the wall (x = 17.8 m) is 4.73 cm so the reflection coefficient of
the structure is 0.7x4.73 = 3.31 cm.
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Figure D-5 Predicted wave amplitude
Figures D-5 and D-6 show the variation of the predicted wave amplitude and the
predicted near-bottom orbital velocity, respectively, with the same symbols used in
section D. 1. Still, the predicted wave amplitude and the near-bottom orbital velocity are
in reasonably close agreement with the measurements, in particular the locations of the
nodes and the antinodes.
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Figure D-6 Predicted near-bottom orbital horizontal velocity
D.4 Sloping-wall experiment with deeper water depth
In the sloping-wall experiment presented in Chapter 5, the still water depth in the
constant depth region is 50 cm, wave period is 2.05 s and the incident wave height is
about 18.6 cm. Given these initial conditions, the break point is predicted to be located at
x = 12.5 m, in fair agreement with the observed break point (x = 11.8 in). The gentle
decay of the incident wave height is predicted to start from x = 14.4 m. The predicted
incident wave height at the wall (x = 17.8 m) is 6.1 cm so the reflection coefficient of the
structure is 0.8x6.1 = 4.88 cm. Figures D-7 and D-8 show the variation of the predicted
wave amplitude and the predicted near-bottom orbital velocity, respectively, with the
same symbols used in section D.1.
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Figure D-8 Predicted near-bottom orbital horizontal velocity
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Still, the predicted wave amplitude and the near-bottom orbital velocity are in close
agreement with the measurements, in particular the locations of the nodes and the
antinodes.
D.5 Sloping-wall experiment with shallower water depth
In the sloping-wall experiment presented in Appendix C, the still water depth in the
constant depth region is 38.6 cm, wave period is 2.03 s and the incident wave height is
about 14.3 cm. Given these initial conditions, the break point is predicted to be located at
x = 11.2 m, in fair agreement with the observed break point (x = 10.8 m). The gentle
decay of the incident wave height is predicted to start from x = 12.6 m. The predicted
incident wave height at the wall (x = 17.8 m) is 2.5 cm so the reflection coefficient of the
structure is 0.8x2.5 = 2.0 cm.
Figure D-9 shows the variation of the predicted wave amplitude with the same symbols
used in section D.1. The orbital velocity is not shown as in previous sections because the
velocity measurement ended right after the breakpoint due to the shallow water depth.
The predicted wave amplitude does not agree well with the measurements, especially
when we get well into the surf zone. Within the surf zone, the predicted wave amplitude
shows clear waviness whereas this is not seen in the measurements. It is noticed that the
predicted wave height is 3.3 cm when it is close to the structure, whereas measurements
suggest an energy wave height of 1.1 cm at x = 17.65 m, immediately in front of the
seawall. It is therefore likely that this difference is caused by the extremely small wave
height of the incident waves when they reach the structure.
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Figure D-9 Predicted wave amplitude
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